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Abstract

The tremendous increase of managed data by a variety of applications is a new trend ob-
served more and more in our digital era. The ability to handle and analyse large amounts of data
efficiently is a requirement posed strongly by scientific and business disciplines and the Web
community. This trend leads to the adoption of distributed solutions for data management aim-
ing at building scalable and fault-tolerant systems combining the power of multiple autonomous
resources. Peer-to-Peer networks greatly contribute to the design of decentralized systems capa-
ble of dynamically adjusting to changes of their topology. A major class of existing Peer-to-Peer
networks is the one referring to the structured overlays that implement a Distributed Hash Table
(DHTs). The efficient lookup functionality provided by the Distributed Hash Tables has made
them popular among Internet-scale applications for content publishing and sharing.

The main goal in this dissertation is the development of data management techniques for
large-scale data hosted by scattered resources. In this context, novel methodologies for efficient
organization, indexing, searching and updating of data are introduced. A common property of
the explored data is the use of concept hierarchies, which offer the capability for organizing it
at different levels of abstraction. The exploitation of concept hierarchies greatly helps in the or-
ganization and reuse of information and contributes to more effective processing of aggregate
queries. The proposed techniques enable the organization of such data in a manner that pre-
serves the semantics of the hierarchies, while they assign it among the nodes of a DHT substrate.
The applied method for query processing utilizes a distributed indexing scheme allowing peers to
dynamically detect the prevailing trends in incoming queries and adapt the indexing granularity.
Re-indexing operations towards more general or more detailed levels can be performed individ-

ually on a per node basis for each stored hierarchy to improve the performance of the processing
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and expedite the retrieval of results on variable aggregation levels. Another important aspect ad-
dressed in this approach is the support for online updates of stored items and insertions of new
ones without impeding the operation of the system. Apart from the evaluation of the proposed
techniques with synthetic query workloads following uniform and skewed distributions, this ap-
proach is also motivated by the use case of a Grid Information System. A fully decentralized
scheme is developed that creates, queries and updates large volumes of hierarchical data on-line
and can be considered as a viable solution compared to the traditional information systems com-
prising of centralized and hierarchical structures.

The derived methods are further extended and enhanced to enable the management of data
annotated by concept hierarchies in multiple dimensions. The outcome is the implementation of
all required mechanisms for a fully functional system handling data following the specific struc-
ture. A significant asset of the system differentiating it from existing approaches is the restriction
for a global, rigid schema followed by all data is eliminated. The proposed scheme manages par-
tially structured information and search strategies are described, which mainly focus on the res-
olution of aggregate operations over multiple dimensions. Apart from the adoption of the highly
adaptive mechanisms performing re-indexing operations, a technique for the pre-computation
of combinations of stored values is analysed for partial materialization of views according to the
incoming queries. The introduced techniques for the management of semi-structured, multi-
attribute data are also applied in the design of a system for semantic search and retrieval. The
paradigm of Linked Data, which is widely used for publishing large datasets from different re-
sources on the Web is studied. The resultant system is a distributed platform that serves the needs

for integrating, indexing and querying data published in the form of Linked Data.



Mepthnyn

H adpatodréng av€non twv Sedopévmv mou mapayovTot Kot XprotHoTTolobVTaL ammd pia TAn-
Bwpa epappoywv eival n véa TEOT) TTOL TTXPATNPEITAL e oLVEXWG avEavopevo puBpd otn Y-
¢lakr eroxn pag. H duvatotnta tng Staxeiptong kat avaivong dedopévwv peyahouv 6yKou eival
Hiot Baolkr) artaitnon mov Tibetal TO00 aITd TOLG EMOTNHOVIKOUG KAl ETILXELPNTLAKOVG KAADOUG,
600 Kat artd TNV Stadiktuakn kotvotnta. H 1aon avth odnyel otnv viobétnon kataveunuévey
Mooewv yia 1 Staxeipton 8edopévwy TTOL GTOXEVOLY 0T SNHLOVPYIA ETTEKTACIHMOV KOl OVEKTL-
KOV og oPpdApata vtodopav. Ot vtodopég avtég ouvSLALoLY TNV oYXV TOANATIAGY AVTOVOUWY
TopwVv Kat e€aopalilovv Tnv amodotikotepn xprion Tovs. Ta dikTva oOpudTIpWY KOUPwV oLVEL-
opEPOLV 0TO OXESIATUS [N KEVTPLKOTIONUEVWV CUCTNHATWY TTOL £XOUV TNV LKAVOTNTA VA TTPO-
oappolovtoat duvapikd oe alAoyég TG Tomoloyiag Toug. Mia onpavTIKe Katnyopia Towv SIKTO®V
OHOTIHWV KOPPwV eival ot Sounpéveg emkalvYelg Tov LAoTtoloUV Kataveunuévous Iivaxes Ka-
rakeppatiopot. H amodotikr) avalrTtnorn Tov emTUYXAVETAL O QUTEG TIG EMIKAAVYELG KXOIOTA
toug Katavepnpévoug IMivakeg Katakeppatiopod Snpodileis yia epappoyeg Sapotpacuot me-
pLEXOHEVOL €VPEiNG KAIHOKOG.

O Baotkdg 0T0X0G TNG CLYKEKPLUEVN G SIXTPLPG elvat n avamTuEn texvikav Stayeiptong dedo-
HEVWV HEYEAOL OYKOU O€ KATAVEUNHUEVEG LTTOSOHEG. XTO TTAXIOLO AUTS TTPOTEIVOVTOL KALVOTOHES
TEXVIKEG Yl TNV atod0TIK opYdvwor), delkTodoTnomn, avalntnon Kat evinpépwon Twv dedopLe-
vwv. Eva kotvo xapaktnploTiké Twv 8e00HEVWY TTOU HEAETOVTAL (vl 1) XPT)OT) EVVOLOAOYLKOV
lepapXlov yia tnv dounon tov TIHov Toug ot dladopeTikd emnineda apaipeons. H aflomoinon
TWV EVVOLONOYIK@V LEpapXIeV fonbd onpavTIKd 6TV 0pydvmon Kal TNV ENaVAYPNOLULoTIoinan
NG TANPOPOPIag Kal HITOpel VA OCLVEIOPEPEL OTNV ATTOTEAECUATIKOTEPT eMeSepyaoia epwTNUA-

TV oVUvoYngG. Ol TPOTEIVOHEVEG TEXVIKEG ETIITLYXAVOLY TNV 0PYAVWOT TNG TTANPOdoplag Kot
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TETOLO TPOTIO WOTE VA SlATNpe(TaL 1] ONUAGIOAOYIKT) TIAPOPOpiot TTOL EUTIEPIEXETAL OTIG LEpApYi-
€6, VO AUTA KaTavépovTaL 0Toug dtabéaipoug kopPoug evag Kataveunpévou IMivaka Katakep-
Hatiopol. H emefepyacia Twv epwTnU&T®V YiveTal fe Tn Xpromn piog mANpous KATaveunpévng
doung deik10d0TNONG TTOL ETMUTPETEL GTOVG KOUPOLG VA avTIAAUPAVOVTAL SUVAIKK TIG ETTIKPOL-
TOUOEG TATELG OTA EPWOTHHATH TWV XPNOTWV KAL VO TIPocapprolouy avTioTotya Tn detktodotnor).
Eniong, oL mpoTetvopevol pnxaviopoi emavadelkToddTNoNG iTE TIPOG TILO YEVIKOTEPEG TIHEG 1) TL-
HEG HEYOADTEPNG AETITOHEPELAG HITOPODV VO EKTEAEGTOVV Hepovmpéva armo Kabe kdupo yia kabe
amoOnkevpévn tepapxia, wote va PeATiodei n anddoon tng emelepyaciag Twv epOTNHATWV Kal
va emonevoel n avakTnon Twv amote ecpuatwv. Eva Ao onpavtikd 0épa mov eetdletar eivat
n online evnpépwon TV anodnkevpévwv dedopévwv Kat 1) TpocdniKn véwy Xwpic va avaoTéle-
TaL ) Aettovpyia Tov ovaTAHATOG. OL TEXVIKEG TIOL TIEpLypddpnKav atohoynOnkav pe cuvOeTIKa
GopTia epWTNHATOV TTOL aKoAoLBOUV OpOLOpHOPPES Kot TTOAWHEVES KaTavopés. Emmpdobeta, n
TIPOCEYYLOoT auTr) HeAeTONKe yia To oevdplo xprong evog ITAnpogoplakold ZvoTAHATOG pHiog
Yrodopng IMAéypatog. [ta To Aoyo auto avantoxOnke éva MANPpwG KATAVEUNHEVO COOTHHA YIa
T SnHlovpyia, EMEPWTNOT Kot EVIHEPWOT) LEYAAOL OYKOU LEPAPXLIKNG TTANpOodopiag TTpoepXdiLe-
VNG amtd aLTAHV TNV epappoYT) Kot To omtoio prropei va OewpnBei oav pia Prwotpn Avon oe obykplon
HE TA LTTEPXOVTA CUOTAHUATA TIOL ATTOTEAODVTAL ATTO KEVTPLKOTIOLNUEVEG KAL LEPAPXLIKEG SOUEG.
Ol TeEXVIKEG, TTOU TTpOEKLYAY, EMEKTAONKAV Kot EUITAOVTIOTNKAY, MOTE VA Yivel epikTr 1 Slax-
xeipton dedopévmv oL TEPLYPAPOVTAL ATTO EVVOLONOYLKEG LEPAPXIEG OE TTOANXTTAEG OLAOTAOELG.
To amotéAeopa ATy N avaITuEn TWV ATAPAITNTWV HUNXAVIOHOV Kol VOGS TTAP®G AELTOLPYLKOD
OoLOTAUATOG TTOL TTpoopiletat i dedopéva pe Tnv meptypadpdpevn Sopr). Eva onuavtikd ototyeio
TIOL TO JLLPOPOTIOLEL TN TIPOCEYYLOT AXLTH oITd LTTAPXOLOEG AVOELG EivaL 1) &POT) TOU TIEPLOPLOHOD
yta tnv v1oBETNOT) EVOG AVOTNPA OPLOUEVOUL OXIHATOG, TTOL TIpETEL v akolovBeital aro ta dedo-
HEVA IOV elodyovTat 0To cVOTNHo. To TTpoTelvOpEVO oUOTNHA dloyelpileTal Heptkwg OOUNHEVN
TIANpogopia KAl OL OTPATNYIKEG avaliTNONG TTOL TTEPLYPAPGOVTAL ETIKEVTPOVOVTAL KUPIWG OTNV
eniAvon epOTNUATOV 0UVOYNG 08 TOAAITAEG SlaoTAoELS. EKTOG amtd tnv vioBétnon twv blaitepa
TIPOCUPUOCTIKWV UNXAVIOU®V avalnTnong yla tnyv ektéleon Stadikaotaov emavadeliktodotnong,
i TEXVIKT Y1 TOV UTTOAOYIOHO GUVOLACU®Y ot aITOONKEVUEVEG TIHEG AVAADETAL YIX TT) HEPIKN
dnuiovpyia OYewv oOUPWVA He TIG eloepXOEVEG epwTroelG. OL TEXVIKEG AUTEG yia TN dloxeipl-
on HepKmS dopnpévawv Kat TOALSIEoTATWV dedopévwv epapproOcTNKAY YIa TO OXeSIAGHO EVOG
OLOTAHATOG Ylor ONHacloNoYIKT avalitnon kat avaktnon dedopévwv. To mapddetypa Twv Ato-
ovvdedepévav Aedopévwv XpnolpoToLeital evpéws yia Tn dnpoalomnoinon HeyaAwv GUANOYWV
dedopévmv oto AladikTuo Kal gival auTo TTov peletdtal. To ocuykekplpévo ocOoTNHA Htopel va
OITOTENEOEL it KATAVEUNUEVN TAATPOPHA Yiar TNV eELTINPETNON TWV AVAYK®OV TNG EVOTIOINOTG,
detkTod0TNONG KAl emepTNONG 8ed0oEVWY TTOL ONHOCLEVOVTAL [E TN Hopdr Ataovviedeuévawy

Aedouévav.



[TpdAoyog

Everything that can be counted does not necessarily count;

everything that counts cannot necessarily be counted.

Albert Einstein

DravovTtag 610 TEA0G ToL SIdaKTOpIKOV, TIPOPANAEL AKOHA TTILO EVTVTIMOLAKA TO YEYOVOG OTL
v p&av moAamAég kat paydaieg alayég otig Texvohoyieg ITAnpopopikrg Katd T StapKeta
AUTOV TV XPOVWV. AVATITUOCOHEVEG TEXVONOYieG wpipaoay Kal édwoav Tn B€on Toug o€ Kal-
VoUpYLeG yia va ovvexioouy va “péouv” ot e€ehielg Kal KatvoLupyla TEXVOAOYIKK EMITEDYHATX V&
yivovtat pépog tng kabnuepvig pag {wne. IToAAég popég, Suokolevopat va Buunbw mwg frav
Xwpig va xpnotporoteig to dtadiktuvo yia va Yaelg yia “omotadnmote” minpodopia 1} xwpic va
PAémelg Ta e-mail cov oTo KIVNTO oL omolAdTTTOTE OTLYHT, OTTOL Kot av Ppiokeoal. Ouwg, ava-
TPEXOVTOG TTHOW 0T TIPWOTA XPOVIX TOL SI8AKTOPLKOD, ol Paoikég TpooTiabeleg aTpépovTay aTn
dnuiovpyiot KATAVEUNHEVWY VTTOAOYLOTIKOV UTTOSOH®OV HE OTOXO VA TTApEXOLY 60 TO dLVATOV
€UKONOTEPN TIPOOPOT) G€ LITOAOYLOTIKOUG TIOPOUG Kot epapoyE. TTAéov, éva KivnTo TNAEPwvo
OPKEL YIX VO €XELG ATTOUAKPUOHEVT TIPOOPOOT) 08 LITEPUITONOYIOTEG, O€ AOTEIPELTN TIANpodopia;,
oe O\t 0oL Ta OedopEva, o€ ePaPHOYEG KOWVWVIKAG SIKTO®WONG Kat o TANBwpa SlaSIKTLAKOVY
epappoynv. Eivat cuvaprnaotikd va mapatnpeic nwg eCedicoovTat ot Siapopeg TeEXVONOYieg Kal
TIwG cANGloLY popdn, epmhovTiovTal 1) aprivovtal oto TaperBdv, ylo va TpoKUYOULY VEEG, KO-
HO TTLO TIPWTOTIOPLAKEG.

H exmovnon g didaxtopikng StatpiPrig eivart pia moAvmAokn Sadikaoia, mov amattel TNV
andKTNomn yvooewv ard molammAd nedia, Tnv epdBuvon oe epevvnTikd Bépata Kat TN ovoTN-

HoTIKT) evaoXoAnon. [ v ohokAnpwon g Stadpoprg avtng frav KaboploTikn n mapovasia

xxvii



OA®V LTV TTOL CLVEPAAAY OLOLAOTIKE, 0 Kabévag pe To 81kd Tov TPOTOo, KAl yior avTd Ba ribe-
AQ Vot TOUG eLXAPLOTAHOW, E0T® Kat av eival SVGKONO HEOXK ATTO AUTEG TIG AiYeg YPOHLLES. APXIKA,
Ba nBela va ekppdon TI evxaploTieg pov atov emiPAénovia pov Kabnynt k. Iavaywwtn Toa-
VAKQ TTOV oV é8wae TNV eukalpia va Yive HEN0G Tov epyaatnpiov YTOAOYIOTIK®V ZUOTNHATWV
Tov EBvikob Metoofiov TTolvtexveiov kat va aoXxoAn0m epeuvnTikd otov Topéa pov. Kata 1
SidpKeta TOL SIOAKTOPLKOD, €J€I€e EUTTIOTOOVVN OTIG SUVATOTNTEG HOU KAL OV TIApEiXe TNV EAeL-
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CHAPTER 1

Introduction

Intelligence is the ability to adapt to change.

Stephen Hawking

ata management is an important field of computer science, especially with the rapid explo-
D sion of data forming a new reality in the digital world. The tremendous increase in the
volume of content is a global phenomenon, affecting a variety of applications and making it one
of the biggest challenges in the area of Information Technologies (IT). Data is everywhere and
large amounts are produced by various kinds of applications in our everyday life and usually
transmitted over long distances. A variety of sources, from more widespread ones such as com-
puters, cameras, microphones, mobile phones to more specialized ones like sensors, scientific
instruments, etc., flood our world with more information at each moment. This “data deluge”
requires new solutions in data management and data mining, as well as new approaches for the
underlying computational infrastructure.

Various studies have been conducted about the growth of data in various fields, including
the scientific and business domain. Even in our everyday life, we produce and consume a large
amount of digital content in our interaction with digital devices. Nowadays, people go about
their day by communicating, browsing, buying, sharing and searching: All these are activities that
produce enormous trails of data. Apart from the usage of our personal computer, other activities
such as watching television or talking over the phone have engaged the digital era and contribute

significantly to the size of digital information being stored, transferred and replicated. Everyday
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habits have led to a new reality, where for instance only the U.S. households have already broken
the zettabyte barrier [GRCT07].

The same phenomenon is observed in many scientific disciplines as well and the reported
use cases where special effort is needed for handling data are numerous: earth and space sci-
ences, aerospace, meteorology, climate prediction, medical imaging, genetic sequence mapping.
For example, a well-known reference of massive data generation is the Worldwide LHC Comput-
ing Grid (WLCG) [WL(] hosting events registered by the detectors of the LHC experiment in
CERN. The digitized summaries of data recorded by a vast number of sensors reaching an aston-
ishing rate of some terabytes per second. This size cannot be managed in a centralized solution
and thus multiple stages of filtering take place to limit it to the order of megabytes so as to be
stored and processed in a large-scale, geographically distributed infrastructure. Climate research
is another demanding area, as model simulation experiments, remote sensors and observation
platforms produce hundreds of petabytes of data which must be tightly integrated into a “smart
data infrastructure system” [AHL™11]]. In general, petascale computing has already moved scien-
tific applications in a data-centric world. Scientists are faced with enormous data that stem from
the flood of new scientific instruments and simulations [BGS06]. In the meantime, the ability
to economically store petabytes of data online and the advent of Internet and high-performance
computing making it accessible to anyone anywhere leads to the replication, creation, and recre-
ation of more data [BGS06]. The vision of “exascale computing” will make things even more chal-
lenging, as it will enable applications to scale up and integrate technologies into complex coupled
systems for real-world multidisciplinary modelling and simulation. This new form of computing
will rapidly increase the rate of generated data requiring new techniques for dealing with the

volume, transfer, analysis and virtualization of massive and possibly distributed datasets [GL09].

Innovative techniques for data handling can also play a crucial role for the operation of busi-
ness companies and organizations. The usual approach in industry and business is to maintain
data in local storage systems, which mainly use database technologies. Nevertheless, it is often
the case that relational databases which have been very successful solutions for enterprises, can-
not cope with the exponential increase in the information managed by the businesses [MCB™T11].
The size of data can become a prohibitive factor for its storage; for instance, health care providers
discard over 90 percent of the data that they generate (e.g., almost all real-time video feeds cre-
ated during surgery) [MCBT 11]. “Big data’, i.e., large datasets whose size is beyond the ability
of a typical software tool to capture, store, manage and analyze, is the new challenge for enter-
prises and public organizations. The exploration of big data can lead to the export of prevailing
trends and this knowledge can be utilized for the increase of productivity and competitiveness,
e.g., such analysis takes place for forecasting the customers preferences on products. Mining for

knowledge that exists in the content of the repositories of an organization by using platforms



with analytic capabilities can boost the evolution of its activities, while it points out the need for

the development of new tools and platforms to resolve the encountered problems.

Nevertheless, the medium that revolutionized the access to information and changed the
landscape of exploiting the power of data is the Internet and the Web. Nowadays, vast amounts
of digital content is transferred through the Internet in every moment and everyone can find
“infinite” information on the Web. Powerful search engines index constantly the available content
so as to return results faster and improve their quality. In 2008, Google [God] announced that it
managed to index 1 trillion unique URLs on the web at once, while the first Google index back in
1998 already had 26 million pages and by 2000 this number reached one billion *. The distributed
infrastructure used by Google allows its application to efficiently traverse a link graph with many
trillions of connections and quickly sort petabytes of data, only for preparing to answer a Google
search . But Google is not the only one that comes along the challenge to keep up with huge
volumes of information. Social networks are well-established candidates of resources that add
new content. In Facebook [fad], more than 800 million active users upload more than 250 millions
of photos per day on average and install applications more than 20 million times every day *. In
Twitter [Twi], the average number of “tweets” that people send in a single day exceeds the 140
million °. Finally, each of Wikipedia’s about 20 million articles is edited over 30 times a month,
with over 8K new articles added to the collection per day *. The impressive fact is that even if the
size of Indexed Web amounts some billions pages, there is also a large portion of content on the
Web not accessible through search engines known as the “Deep Web”. However, the correlation
of different pieces of information raises the need for a new perspective on search systems capable
of supporting more advanced types of queries perform complex combination and integration of
data [CBBI1l].

The common reference point in the described applications from different areas is the vast
amounts of data to be managed. However it must be noticed that there are also cases where
storing all the generated data for further processing is not required. A lot of data in modern
applications are temporary and millions of bytes are generated from applications and used for few
seconds. Despite of the importance of this data during its short-lives (e.g. for the communication
among digital devices), this data is finally overwritten. All these observations indicate that it is
not always useful to just store data, but it is also significant to generate value by extracting the
right information. Towards this direction, an increasing effort is put into the development of new
methods and tools. As pointed out in [GRIT], the rate of creating data about data or metadata
in an automated manner is doubled compared to the growth of our digital universe as a whole.

'http://googleblog.blogspot.com/2008/07/we-knew-web-was-big.html
*http://www.facebook.com/press/info.php?statistics
*http://blog.twitter.com/2011/03/numbers.html
*http://stats.wikimedia.org/EN/TablesWikipediaZZ.htm
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A common example is the constantly increasing number of photos in the social networks. To
enable their search, special tools have been developed for tagging based on facial recognition;
otherwise a photo will remain a useless piece of data, which cannot be shared and searched.

A widely adopted solution for data management is the creation of a central repository due to
the various offered advantages. Storing the whole dataset in a single site enables a unified view
making easier to develop faster methods for processing. The whole information is accessible at
once and transferring data around is not needed during the resolution of queries. Nonetheless,
big data prevent centralized solutions from being effective and many problematic situations ap-
pear, such as the increase of time for data load and query processing and the unavailability of the
provided services as the number of requests increase.

Modern applications adopt more distributed approaches capable of combining the power
of multiple autonomous resources to address such kinds of issues. Distributed computing is a
constantly expanding field, making hard to define it precisely. Distributed processing may take
place even on a personal computer, where different parts of an application can be assigned to
different resources. This dissertation refers to distributed computing as it is defined in [[I'SO6]
and [OVTII]: A distributed computing system comprises of a number of autonomous elements,
either homogeneous or heterogeneous, interconnected by a computer network and able to co-
operate to perform their assigned tasks. The distribution may occur on various levels, but in the
current work, the distribution of process logic and the distribution of data are mainly considered.
By the distribution of processing logic, it is assumed that different tasks are assigned to differ-
ent processing nodes, which cooperate to complete them. Nevertheless, the main focus of the
presented work is towards the distribution of data among a number of processing sites.

An important property of distributed systems is the elimination of single points of failure
and possible bottlenecks in the system. During the last years, the problem of unavailable nodes
offering crucial due to load or hardware malfunctions is often investigated [SCI11]. Moreover,
distributing the processing and retrieval of data among multiple nodes results in more efficient
data access and higher throughput, while adverse cases of either extremely heavy-loaded or com-
pletely idle nodes can be avoided.

Another aspect addressed by distributed systems is the efficient placement of data among the
participating nodes according to the needs of an application, especially if we take into account
that a large number of applications are inherently distributed, i.e., web-based applications or sci-
entific applications. Distributed data management allows more flexibility in the placement of data
according to the nature of each application; a requirement that was listed as a major challenge
of “exascale” computing as well [GLO0Y]. Replication also makes decentralized systems powerful,
as far as data availability and robustness is concerned. Since a distributed system consists of dis-
persed nodes, the approach of replicating a piece of data to different nodes can be adopted: The

existence of multiple replicas of a data item on independent nodes increases the probability of



at least one replica being available despite of node failures, unreliable network connectivity and
limited bandwidth.

Finally, it is worth mentioning that decentralized approaches are capable of handling grace-
fully the increase in the volumes of data and numerous requests of the services provided by the
hosted application. Also, new resources can be added easily to the system without needing to
reconstruct it from the scratch. The scalability is one of the strongest features of distributed ap-
proaches that have made them popular. In the context of this thesis, scalability issues concerning
the volume of data, the size of the network and the number of clients are investigated. What is
also important is to provide a coherent system capable of managing an increased number of data
items and provide its services with a unified manner regardless of the number of nodes. Users
and applications do not need to be aware of the exact physical location of data and they behave,

at least conceptually, as if all data were stored locally.

Various categories of large-scale distributed architectures extending their functionality be-
yond the server client model have been proposed in the bibliography. Peer-to-Peer (hence P2P)
and Grid computing can be considered some of the most widely adopted models so far. Some
fundamental concepts appear in the majority of the distributed models, while others differenti-
ate one from another. In the rest of this dissertation, the P2P and Grid Computing models are

discussed, as the basic distributed models studied and exploited in this thesis.

Peer-to-Peer computing: P2P technologies can be used to build scalable network overlays. The
nodes participate in the overlay in an autonomous and unsupervised manner and can act
both as servers and clients at the same time. The resultant overlay is able to dynamically
adjust itself to node arrivals and departures following self-organized procedures. P2P sys-
tems can provide good substrates for large-scale data sharing and content distribution.
Moreover, building data-intensive applications on top of P2P overlays is advantageous due
to their assets such as efficient routing, redundant storage, fault-tolerance, scalability and
load balancing in large-scale environments. Given the distributed nature of these archi-
tectures, a major question is how to organize the content among the nodes to ensure its
availability during dynamic changes of the overlay and heavy load and at the same time
to enable its efficient search. The existing approaches are mainly towards two directions:
either data items are placed at random nodes or in a deterministic manner determined
by the used protocol. A major class of P2P networks is the one of structured overlays im-
plementing a Distributed Hash Table (DHT). In this case, a scheme is constructed that
tightly controls the data placement and assigns identifiers to data items, which are mapped
to identifiers of nodes based on some distance metric [BKK*03]. The use of a distributed

index makes DHTs popular due to the fact that enables efficient lookups of the stored
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values. P2Ps have been used for a wide variety of Internet-scale applications, e.g. content

distribution (Bittorent [Bif], eMule [eMu]) and communication networks (Skype [Sky]).

Grid computing: Grid computing is mostly oriented towards high performance computations.
A Grid platform can be viewed as a federation of heterogeneous computational and stor-
age resources, shared among different groups of users. In existing infrastructures, clusters
interconnected with high-throughput networks and belonging to different administrative
domains are the main structural components of the system. The platforms offer primar-
ily computational power and storage space to users according to statutory policies among
the consumers and producers of the services. The coordination required for the sharing of
resources is achieved through the existence of centralized structures, such as brokers, that
maintain information (e.g. number of running jobs, number of waiting jobs in queues, etc.)

about the whole infrastructure so as to be able to schedule the submitted tasks.

1.1 Problem Description

Distributed data management contributes to the scalability, robustness, fault-tolerance of
applications handling large volumes of data. Nevertheless, various issues arise that need to be
encountered in the design of a distributed platform, while the type of the application and the
structure of the data to be hosted play a significant role in the resultant architecture.

In this thesis, the problem under investigation is the efficient management of large volumes
of hierarchical and multidimensional data which can be partially structured. The techniques to
be developed refer to computational environments comprising of interconnected commodity
nodes, which may belong either to geographically scattered resources or more centralized infras-
tructures such as data centers. The addressed issues are the efficient integration, organization,
indexing, query processing, retrieval and updating of data described by concept hierarchies. Also,
these aspects are explored for multidimensional datasets, which can partially structured.

Concept hierarchies are often met in data mining and OLAP applications analyzing large
datasets to export patterns and trends [HKOQ]. In most cases, the results of such processing are
intended for decision making systems, business intelligence tools and platform for data mining
analytics. As a result, the processing of complex forms of queries including multiple levels of
aggregation is required. The use of hierarchies enables the ordering of attributes that may exist
in a database and thus hierarchies greatly help in the organization and reuse of information. A
concept hierarchy or taxonomy defines a sequence of mappings from more general to lower-level
concepts [HKOO]. Concept hierarchies are important because they allow the structuring of in-
formation into categories, thus enabling easier searches and creation of synopsis. The selection

and ordering of concepts are usually provided by application or domain experts. For example,
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a concept hierarchy for the attribute location may include the levels: Country - City - Street
- ZipCode, where the level of country corresponds to the most general level. As the volume of
data increases and the extraction of useful information becomes more and more difficult, con-
cept hierarchies can significantly contribute to the organization of data and deliver fast insights
due to the summarization property incorporated in their structure. Apart from the exploitation
of hierarchical structures in databases and data warehouses, other use cases can be considered
as well, especially when the sharing of information is performed among machines, applications
or services. In this case the lack of structure cannot be handled and a hierarchical classification
is a machine-processable form encoding a lot of information and ensuring interoperability. Ac-
cording to this perception, metadata attributes can be structured hierarchically. A more generic

paradigm is taxonomies, which are widely used for data integration in the Semantic Web.

The multidimensional data model is also an integral component of analytic processing. In
this model, multiple attributes are mapped to dimensions describing one (or more) numerical
value(s) called fact(s). The problem faced with this model is that the increase in the number of
dimensions results in an exponential growth in the number of views that can be computed. The
complexity of a multidimensional data model increases more, if it is assumed that each dimension
is further annotated by a different concept hierarchy. Apart from the wide use of the multidimen-
sional data model in OLAP applications for the creation of data cubes, it can be also applied in
many other cases. For example, the metadata attributes describing photos (e.g. location, name,
date, topic, photo type, etc) enabling their search can be considered to form a multidimensional
space, where each point represents a specific photo. Typical queries in such an application may
include searching photos with a specific tag in a given location or for a specific topic or for the
combination of both attributes. This example also points out the fact that information about all
dimensions may not be always available, i.e., not all photos are described by their location or
their type. Semi-structured data [Bun97] with self-contained or loose schema are studied in var-
ious applications, especially in Web related ones. The handling of such data is described as one
of the forthcoming challenges to be faced by the database community in [AABT08]. It is under-
lined that the interest of managing heterogeneous data (namely structured, semi-structured and
unstructured) spread over many repositories has gradually taken over the focus on traditional

databases consisting of well-defined schemata for structured business data.

A representative example combining the properties of such data can be met in the Web of
Data [BHBL09], which presents a revolutionary opportunity for deriving insight and value from
data by enabling seamless connections between different data sets. By adopting practices such
as the ones introduced in the Linked Data initiative [Data], a major opportunity is given to link
pieces of information distributed across the Web and therefore connect different sources into a

single global data space resulting in the change of the way that we exploit data in the Web. The
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accomplishment of Internet-scale interconnected resources implies that their data are charac-
terized by high degrees of heterogeneity and span numerous topical domains relative to people,
companies, films, music, locations, etc. This paradigm highlights the need for supporting and
integrating structured and semi-structured content classified into different categories and pub-
lished by different sources. As a result, new approaches arise to address the challenges met in
extracting structure from such data and developing methods for effectively querying and deriv-
ing insight from outcome of its integration.

In the context of this dissertation, the targeted applications manage data of the described
types and the following major categories can be distinguished from the perspective referring to

their requirements of the underlying architecture that hosts them.

«+ Applications that are traditionally implemented in centralized systems with a need to ex-

tend and adapt them to decentralized architectures.

+ Applications that are inherently distributed, for example a variety of web-based and scien-

tific ones.

In the design of a distributed system for data management, various issues need to be tack-
led, which are usually emerging from the nature of the application itself. Two significant factors
investigated in this thesis are the data structure and the types of queries to be resolved by the
resultant system. The data structure influences its organization among the participating nodes
and how it is stored in each node. The type of the queries indicates the processing strategies to
be applied and any additional, needed information to be maintained. For instance, top-k queries
require additional ranking information of the possible answers to calculate the final result.

Some essential questions need to be answered during the process of designing a distributed
system regarding the already discussed issues and examined in the approaches presented in this
thesis: Which scheme is more efficient to organize the available nodes and their communication?
How is data distributed and assigned to the participating nodes? How is access provided to data
50 as to be easily searched and reused? How can the integration of data from different resources
occur? How can data items be efficiently indexed taking into account the properties of their struc-
ture, their among relationships and the targeted queries? Which are the types of queries resolved
by the developed system? Which strategy is the most appropriate for effective query processing?
How often is data updated and how much processing is acceptable during updates? Are there any
synchronization issues to be considered during updates?

The communication framework of the systems proposed in this thesis is built with the uti-
lization DHT-based overlays. Various research works highlight the fact that P2P technologies can
provide competitive solutions for designing distributed systems hosting data-intensive applica-
tions ( [LCPT05], [ATS04],etc.) . The implemented systems presented in this thesis are not tightly
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Figure 1.1: An abstract overview of the assumed layers in the presented architectures presented of the
current thesis.

bound to a specific DHT protocol, as any implementation providing the basic functionalities for
inserting and looking up objects can be used. The obtained substrate is used as the basic layer for
structuring the participating nodes and message routing. DHTs have been chosen due to their
ability to organize the participating peers in a consistent manner defined by the implemented
protocol and offer logarithmic lookup complexity on the number of peers. Thus, DHT overlays
do not suffer from high bandwidth consumption and intrinsic limitations imposed by the lack
of structure. Figure [[.]] exhibits an abstract overview of the assumed layers in the architectures
described in my dissertation. The nodes are organized in a DHT-based overlay and the supported

functionalities for the management of the stored content are built on top of this overlay.

The construction of DHT-based overlay implies that data items are assigned to nodes ac-
cording to a specific logic determined by the corresponding protocol. Each data item is mapped
to an identifier called key, which is then used to determine the responsible for this item. If the
key of a data item is known during its lookup, then this item can be easily located in the over-
lay. Nevertheless, this property of DHTs introduces also some limitations. In more complicated

types of queries, the searched keys may not be known in advance and has to be discovered on
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the fly. As queries become more complex, additional mechanisms extending the DHT primitives
are required.

DHTs are based on random assignment of data items to avoid overloaded nodes. Nonetheless,
the random placement of data may negatively affect the performance and the cost of resolving
some types of queries. For instance, range queries require an ordering of the data items so as to
avoid issuing consecutive queries for each value within the range separately, as this will result
in high bandwidth consumption. The same remark is valid for the case of aggregation queries
as well, where the aggregation function is calculated over a set of facts “grouped by” a specific
attribute. In this case, the structure of the data can contribute to more effective placement and
indexing of the data, that is by exploiting a common characteristic of its structure to group them
and assign them to the same node. This would be very helpful for the case of aggregation and
range queries, which are the main categories of queries that focus my attention in this thesis apart
from point queries.

In general, the use of aggregation functions in queries is a popular and powerful feature,
especially for facilitating decision making where data need to be accessed, combined and sum-
marized [W]JOTO09]. The usefulness of aggregate queries can be obscured by the fact that long
processing is required for their resolution. To answer such a query, several items of the database
need to be accessed for the calculation of the aggregation function. As the volume of stored data
increases, the processing of this queries becomes slower and more expensive and thus centralized
solutions are left aside and replaced by parallel and distributed ones.

The big size of data makes the indexing of all stored values and all possible combinations
among them expensive. Especially in multidimensional data, the number of possible combina-
tions increases exponentially with the number of dimensions. The hierarchical structure of the
assumed data inherently supports the grouping of values and this property is exploited for the
placement of items grouped by the same value (in the chosen level) in the same node. The se-
lection of a single level to index can be proven very eftective, especially if the indexed level can
be adjusted according to the demands of the users. This solution is adopted in this work: the in-
dexing is highly adaptive to the trends observed in the queries, while it takes place in an online
mode without requiring time-consuming processing or re-insertion of the entire data.

As a consequence of selecting only a single level of the hierarchy, the lookup operation of the
DHT locates only the values corresponding to this level without having to contact all the nodes of
the overlay, i.e., “flood” the query among all nodes. For this reason, additional indexing capabili-
ties are required to avoid flooding, but at the same time to encumber the system with reasonable
maintenance and update cost. Bearing in mind that in the targeted applications, such as web-
based and OLAP applications, the recognition of repetitive patterns in the queries is a common
fact, the adaptiveness of the indexing can serve the effectiveness of the system. For example, in a

web-based application when an item becomes popular, then the majority of the queries target this
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item. In this case, the indexing of the popular items is adequate to provide faster responses and
reduce the communication cost. Hence, main emphasis is given on the development of mecha-
nisms for adaptive re-indexing in this thesis apart from creating indices. It is also intended that
these mechanisms do not to deprave the DHT of its features, causing unexpected side-effects,

i.e., by overloading only a few nodes or return inaccurate results.

1.2 Contribution of the Thesis

In this dissertation, novel methodologies are introduced to enable the implementation of
scalable mechanisms for efficient integration, organization, indexing, search and update in large-
scale distributed repositories. These mechanisms are integrated in the design of fully-functional
platforms facilitating the management of data characterized by hierarchies, multiple dimen-
sions and self-describing semantic information. To motivate the subsistence of the proposed
systems, real-world applications have been considered and the systems have been appropriately
customized and evaluated.

The general principles that unify the systems proposed in my dissertation are:

+ The placement and indexing mechanisms focus on hierarchical and multidimensional data,
while they can support both tightly structured and semi-structured data in an efficient

manner.

+ The forms of queries under investigation, such as aggregate and range queries require more
complicated processing and thus mechanisms performing more advanced operations than

simple lookups are established.

+ Powerful, distributed indexing schemes leveraged by the data structure and the types of

targeted queries are developed.

+ Flexible mechanisms achieving the adaptation of the indexing scheme of a distributed in-

frastructure are introduced.

+ The processing of data for constructing and updating the maintained index scheme does

not require any offline procedures to take place.

+ The scalability of the proposed systems as the volume of data and the number of resources

increases is pursued.

The main contributions of my thesis can be enumerated as follows:

« Efficient methods are proposed for organizing, indexing, searching and updating data fol-

lowing concept hierarchies. The placement of data is performed in a hierarchy preserving
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manner that maintains the semantic information included in the concept hierarchies. The
indexing approach is self-adaptive to the incoming queries and flexible mechanisms are
proposed to enable a query-driven re-indexing scheme. The resultant scheme is capable
of detecting trends in a query workload and presents a highly adaptive behaviour by ad-
justing the imposed indexing in an automatic manner, so as to increase performance and
decrease latency for answering queries on variable aggregation levels. Nodes participat-
ing in the system decide individually on the level of indexing according to the incoming
queries and perform the required re-indexing operations only for their piece of data that
these operations are decided to be beneficial. Moreover, a method for online updates of the
hierarchical data is introduced. The difficulty to overcome during updates is that the distri-
bution of items among many nodes and the lack of centralized structures require additional
effort to decide the node that an item should end up and which maintained information
should be updated. For this reason, a distributed catalogue is implemented for maintaining
the required information. All these methods have been combined and implemented in a
fully-functional system built on top of a structured P2P overlay, so as their efficiency and

achieved performance to be evaluated.

The usefulness of this scheme is motivated by customizing it to serve as a high-performance,
distributed information system. The described scheme creates, queries and updates records
containing information about the state of a grid infrastructure (e.g., available processing
units, storage space, etc.) and can serve as a viable solution compared to the traditional
centralized information systems for such kind of infrastructures. Experimental results on
a real accounting application using the Grid Information Service show that the proposed
distributed architecture outperforms traditional approaches by eliminating offline process-

ing and other performance bottlenecks.

Extending the work on concept hierarchies, a fully operational system is presented for
storing and processing data items described by a set of attributes, i.e., multiple dimen-
sions, which are further annotated by concept hierarchies. A significant feature is that the
demonstrated mechanisms do not depend on a predefined, rigid schema and support par-
tially structured data without requiring mediator nodes for translating the schemas. For the
efficient resolution of queries, the described system utilizes a “conceptual” chain of DHTs
rings storing information in a hierarchy preserving manner. The adaptiveness of the sys-
tem is still maintained as one of its novel features. Besides the existence of mechanisms for
adaptive re-indexing, another distinguishing property of the system is the proposed strat-
egy for pre-computing combinations of queried values, so as to materialize partial views

for future usage.
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+ The techniques introduced for the management of multidimensional, hierarchical data are
applied in the implementation of a system for storing and searching semantic data.The use
case of semi-structured data used for making available an increasing number of datasets on
the Web, namely Linked Data is studied. The resultant system is a distributed platform that
serves the needs for storing, indexing and querying data published in the form of Linked
Data.

1.3 Outline of the Thesis

The rest of the dissertation is organized as follows:

In Chapter [J, an overview of the existing indexing and search methods in P2P systems is
demonstrated. An indexing technique based on Space Filling Curves for multidimensional data

is described and utilized to implement a distributed and scalable Grid Metadata service.

Chapter B introduces adaptive methods for distributing and searching data described by con-
cept hierarchies. The types of hierarchical data are studied and methodologies are presented for
storing, indexing, querying and updating such data in a system built on-top of DHT-based sub-
strate. Much of my attention is focused on the algorithms that decide about the re-indexing oper-
ations and the actions that should be performed during the re-indexing operations to adjust the
level of granularity appropriately. The implementation of the described methodologies and their
interaction in a system aiming to accommodate hierarchical data are presented. Moreover, the
use case of a distributed Information System is investigated and it is analyzed how this applica-
tion can be imported in a system with the aforementioned properties. This chapter also includes
an extensive experimental evaluation of the performance of such a system using synthetic work-

loads or real data coming from an existing Grid Information System.

The problem of partially structured, multidimensional data is explored in Chapter |. The as-
sumption that the inserted data can be organized in a hierarchical manner is still considered as
a fact. A first encountered issue is the distribution and placement of such data on the available
nodes, so as multi-term queries containing values from one or more dimensions to be answered.
The methods for resolving point and aggregate queries are analyzed. The description of the ad-
justments in the re-indexing operations is given so as to function in a system that multiple dimen-
sion are indexed separately and interlinked. Also, in this chapter a query-driven partial material-
ization of views based on the pre-computation of possible combinations of the values contained
in a query is explored. The chapter continues with the Linked Data paradigm being studied. The
description of the architecture of a system follows for the management of semi-structured web
data published by heterogeneous resources and described by ontologies in the form of Linked

Data. The performance of both systems is evaluated in the sections of this chapters.
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Chapter § concludes the work accomplished in this dissertation and summarizes some fur-

ther extensions being studied.



CHAPTER 2

Data Management exploiting Peer-to-Peer

Technologies

eer-to-Peer technologies have been widely adopted as scalable and fault-tolerant solutions to
build distributed systems. In practice, the most popular application of P2P systems is their
usage for global-wide file-sharing. Nevertheless, P2P techniques have been intensively studied by
the research community in other fields. Various works have been carried out for their applica-
bility in distributed database systems, distributed indexing and search engines. In this chapter,
an overview of existing P2P systems focusing mostly on structured P2P systems is provided. Basic
concepts of structured / unstructured P2P overlays and existing protocols are analysed, while em-
phasis on DHTS is given. Other major topics described in this chapter are proposed techniques for
DHT-based indexing schemes and distributing indexing of multidimensional data. Moreover, an
overview of the basic concepts of Grid computing is provided. Finally, an indexing scheme based

on Space Filling Curves is proposed for indexing metadata descriptions of annotated content.

2.1 Peer-to-Peer Overlays

Peer-to-peer computing has been widely accepted as a robust, easily deployable and self-
organizing paradigm on which fully distributed and scalable applications can be built. The self-
organizing nature of P2P networks is illustrated in their ability “to automatically adapt to the

arrival, departure and failure of nodes” [RDOI]]. Another significant feature of such systems is

17
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the lack of centralized structures to control fundamental procedures of their operation. Each
node participating in the overlay is referred as a peer and can act both as a client or a server in
an autonomous manner. Peers contribute their resources to the system, which can be used in a
cooperative mode for distributed processing and storage. A P2P overlay is capable of operating
unsupervised with no central coordination and dynamically adjusting itself to unadvertised node
arrivals and departures. Although various completely decentralized schemes exist, P2P systems
with some centralized structures have been also proposed in the literature, especially during
their early days. In the centralized P2P approaches, a central server (or multiple instances of this
server) is used for the core functionalities. For example, in the case of Napster [SGGO03] this cen-
tral point serves as a directory service containing the locations of the stored data items and is
queried about the nodes responsible for the items to retrieve. Nevertheless, the existence of cen-
tral points maintaining information about the whole overlay usually leads to solutions that do
not scale, since one node gets all index traffic creating a single point of failure. In general, central
points with crucial information need to be avoided in distributed architectures, if possible.

Distributed applications using a P2P architecture have become a very active field of research,
mostly because of the scalability offered by the decentralized control model. The most popu-
lar applications deployed on top of P2P networks are about large-scale and geographically dis-
tributed file sharing and some representative examples are Gnutella2 [Gnu], Kazaa [KaZ], Bit-
torent [Bit], eMule [eMu], iMesh [iM¢]. Nevertheless, some of their prominent features such as
the unsupervised and dynamically adjusting operation, the scalability and the fault-tolerance pro-
vided by such overlays have made P2P technologies attractive for the development of many Web
and data-intensive applications. In most cases, a P2P overlay is built on top of the physical net-
work topology implementing various operations utilized by applications coming from different
disciplines. For example, P2P technologies have been utilized for the construction of networks
for content delivery and streaming, for the establishment of social networking, for providing dis-
tributed search engines and for the creation of communication networks. Skype [Sky] is one of
the most well-known P2P applications in the communication domain with millions of users.

For the accomplishment of a specific task in a P2P overlay, a peer needs to communicate
with other peers by exchanging messages through the available communication channels repre-
sented as links. A significant posed question is how to organize the peers and their among links
in the overlay. Although various implementations of P2P overlays exist as discussed in [LCPT05]
and [ATS04], two basic classes of P2P overlay networks are distinguished: Unstructured and
Structured.

Unstructured overlays do not require the organization of the connections by a specific struc-
ture [KXZ05] and there is neither a centralized directory nor any precise control over the net-
work topology or file placement [LCCT02]. Unstructured overlays rely mainly on randomized

algorithms for their construction. In these approaches, each peer maintains a list of neighbors
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and an overlay network that resembles a random graph is constructed. As described in [RM0€],
the lookup of a stored data item ends up to be flooded across the network. In more detail, a query
is forwarded from a node to its neighbor and each visited peer evaluates the query locally in its
own content. To avoid the cost of redundant traffic, searching methods based on constrained
broadcast and random walks have been proposed [TR06]. Unstructured overlays do not enforce
any coupling between topology and data items, even though the resultant topology may present
some properties. Thus, an observed weakness regards queries for not widely replicated content;
these queries are sent to a large fraction of peers leading to excessive bandwidth consumption.
Moreover, there are no guarantees that remote or unpopular data items will be found, due to the
limit of lookup horizon, while locating relevant items can become problematic as the network
grows. A hybrid approach is also followed in this category of overlays, where more “powerful”
peers are considered and called superpeers. These peers act as “brokers” and regulars peers are
attached to them, when they join the network. All communication from and to a regular peer
proceeds through that peer’s associated superpeer.

Structured overlays impose a strict topology, namely the set of connections among P2P mem-
bers are tightly controlled by the implemented protocol and data items are not placed in random
nodes but at specific locations that will make subsequent queries easier to resolve [LCCT02].
The structured overlays are less flexible and extra cost is required for the maintenance of the
topology, especially during arrivals and departures of nodes (e.g. updating the routing tables).
Nonetheless, the search performance is improved since the overlay is constructed following a
deterministic procedure and the location of a data item can be defined precisely. The most com-
mon approach to build a structured P2P overlay is based on building a Distributed Hash Table
(hence DHT) as described in the following Section.

2.2 Distributed Hash Tables

The basic approach followed for the creation of a structured overlay is to organize the overlay
through a Distribute Hash Table (DHT), namely a hash table whose entries are distributed among
different peers. The DHT abstraction implements inherently some basic functionalities for the
routing of messages among the nodes and provides a general-purpose interface for location-
independent naming upon which a variety of applications can be built.

Allitems - namely nodes and resources (e.g. data items) - to be inserted ina DHT are assigned
a unique identifier (ID), referred as key. In most cases, the key is assigned randomly from a large
identifier space, such as 128-bit or 160-bit space. A DHT protocol implements an efficient and
deterministic scheme, where a data item is uniquely mapped to the identifier of a node based
on some distance metric [BKK™03], making this node “responsible” for the specific data item.

The well-defined structure is the one that enables efficient discovery of data items, if their keys
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are known. To ease the network construction task and to effectively balance the data load, most
structured peer-to-peer systems use uniform hash functions (like cryptographic functions) for
assigning identifiers to peers and resources. The usage of uniform hash functions ensures that
keys are assigned randomly to nodes and resources and thus the load is uniformly distributed
over the key-space.

When looking up a data item in a DHT-based overlay, the network address of the node re-
sponsible for this data item is returned and the node is located based on the properties of the
DHT, since peers lack of global knowledge about the network. This is accomplished by routing a
lookup request closer and closer to the responsible node, until it is found. A node maintains in-
formation (i.e., the NodeID of the peer and the IP address) about a small portion of other nodes,
called “neighbours” in its routing table. Each node is responsible for storing keys and managing
operations for resources close to its own ID. A lookup operation can be initiated by any peer and
terminates to the node responsible for the specific key. The number of visited peers is small and
the DHT overlays present logarithmic search path lengths compared to the network size in most
cases, namely any data object can be located in O(log N) overlay hops on average, where N is the
number of peers in the system. The idea behind the routing of a lookup for a specific key is that
any node receiving a query for a key must be able to forward it to a node whose ID is closer to
the key being looked up, until the node responsible for this key is found.

In [AAGT05], a generalization of the existing approaches is presented and a reference model
is proposed. In this work, it is also recognized that the main requirements in the construction
of an overlay are the following ones: An appropriate identifier space needs to be chosen and a
method to be provided for mapping the resources and peers to this space. Moreover, the structure
of the logical network needs to be defined and the identifier space needs to be effectively managed
by the peers. Finally, a routing strategy and a maintenance strategy must be implemented by the
adopted protocol. It is important that all these requirements need to be addressed in a manner
that enables the following features of the overlay [AAG™05]:

+ Efficiency of the routing and maintenance mechanisms.

+ Scalability as the number of peers and resources increase without significant performance

degradation.

« Self-organization during nodes’ arrivals and departures without requiring any centralized

control.

+ Fault-tolerance to the node departures, as these environments are dynamical and error-

prone.

+ Cooperation among the peers to achieve effective routing, exchange information, etc.
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These properties of the DHT-based overlays make them popular among the P2P networks:
The aggregation of enormous storage space and computational resources is achieved, while the
lookup cost is minimized. As it has been already described, the DHT-based protocols for the
construction of structured overlays implement at least two basic mechanisms (or provide all the
required functions for their implementation) in accordance to the put/get interface of the Hash
Tables:

« insert(key,value): A key is mapped to the inserted value with the use of a hash function and
the (key,value) pair ends up to the responsible node (or nodes if replication is enabled) for
the key. Also, the same procedure is followed for inserting a node in the overlay, which is
also mapped to an identifier. When a node is inserted in the overlay, then some procedures

need to be followed for the maintenance of the structure of the overlay.

o lookup(key) : A (key,value) pair can be retrieved from the overlay, when a lookup message

is routed to the peer responsible for this key.

The procedure followed during the lookup operations guarantees their effectiveness but it
also imposes limitations for the adoption of DHTs overlays by various applications. The reason is
that the use of the hash functions eases the construction of the overlay and manages to balance the
dataload but limits the use of data-oriented overlays to simple exact identifier lookup capabilities,
where the key of a stored data item must be known before issuing a lookup request. More complex
queries, such as aggregation, multi-attribute, range, join and similarity queries cannot be resolved
only with the use of this simple lookup functionality and thus the access to data becomes highly
ineffective. The processing of such types of queries requires the implementation of additional
indexing structures and techniques. Therefore, data processing based on their semantics cannot
be successfully tackled by conventional DHT-based systems.

As applications demand more complicated types of queries, capable of searching the data
content and exploiting inter-relationships between data, research efforts have focused on de-
veloping corresponding algorithms and mechanisms. The resolution of such types of queries is

mainly encountered with the following basic approaches met in the bibliography:

+ The proposed overlays rely on an existing DHT protocol and either modify/replace the
hash function or add additional indexing structures on top of the DHT and introduce new
methodologies for the resolution of queries. The proposed indexing schemes are adapted

to the data structure and usually focusing on the efficient resolution of a specific type of

query.

+ The distribution of the dataset among the peers does not occur with the use of a hash

function and thus these overlays do not directly utilize any existing DHT protocol.



22 Chapter 2. Data Management exploiting Peer-to-Peer Technologies

The methods described in this thesis result in the design of architectures belonging to the first
category. The goal is that the DHT overlay is utilized to address issues about scalability, robust-
ness, load balancing and replication, while new methods are proposed for the efficient resolution
of complex queries, mainly focusing on aggregation and range queries and taking advantage of
properties in the structure of data. Aggregation queries can be correlated with range queries as
well. In the proposed system, ranges can be also implicitly introduced through the support for
hierarchical aggregation. Nevertheless, the transformation of an aggregate query to a range query

is not always straight-forward or feasible, especially when the queried values are not enumerable.

DHT Implementations

Various DHT protocols exist with different organization schemes for the data items and the
key space and follow different routing strategies. Some of the most popular implementations
are Chord [SMK™01], Pastry [RDO1], Kademlia [MMO02] and CAN [REHT01]. These protocols
differ mainly in the shape of the identifier space and consequently the function that measures
the distance between IDs in the specific virtual structure [LCCT02]. In this section, some of
the basic types of DHT-based protocols are summarized. Emphasis is given to the DHT-based
overlays related to the used overlays in the proposed systems of this thesis.

Chord [SMKT01] uses consistent hashing [KLL™97] to map keys to nodes responsible for
them. The utilized hashing function balances load among nodes with high probability. All identi-
fiers including both identifiers for nodes and data items are placed clockwise around a circle. Each
peer maintains routing tables (containing finger tables) containing information about O(log N)
other nodes in a network with N nodes. In the “Chord ring’, a key k is assigned to the first node
whose identifier is equal or follows k in the identifier space and this node is called the successor
node of key k. Each node needs to definitely know its current successor node on the identifier
circle, so as a lookup for a specific key can be passed around the circle via these successor nodes
and get resolved with this simple approach. Figure P.T shows an identifier circle consisting of ten
nodes storing five keys and the path followed during the lookup of a key. The lookup request
is passed around the nodes of the Chord ring via the successor pointers, until the responsible
node is encountered. A more scalable solution for locating the node responsible for a queried
key is achieved by maintaining more information in the finger tables apart from the successor
node. So, up to m entries are maintained in the finger table of a node, where m is the number
of bits in the ID space. The i — th entry in the table at node n contains the identity of the first
node s that succeeds 1 by at least 20~1) on the identifier space. The notion behind this approach
is that a node knows more about its close nodes than its distant nodes. During a lookup opera-
tion, the involved peer forwards the lookup message to a node included in its finger table whose

identifier is highest but not greater than the searched key. Since each node is aware of nodes at
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Figure 2.1: The followed path during a lookup for the ~ Figure 2.2: The followed path during a lookup for
key K54 starting from node N8 in a Chord ring. The the key K54 starting from node N8. The information
query is forwarded simply via the successor pointers.  stored in finger tables is used for the query forwarding.

power-of-two intervals around the ring, each node can forward the query at least half way along
the remaining distance. The number of nodes contacted until the successor node in a N-node
network is found is O(log N). Figure 2.7 exhibits the resolution of the same lookup as in Figure
2.1. The more scalable solution using the information stored in the finger tables for the routing
of the lookup is depicted in this Figure. The arrivals and departures of new nodes require the

updates of the finger tables.

Pastry [RDO1] is another self-organizing overlay using a circular namespace, where the posi-
tion of a node is defined by its identifier (hence Nodeld). The Nodeld is assigned randomly to a
node and ranges from 0 to 2128 — 1. Pastry is similar to Chord but its routing is based on address
prefixes, namely a message is forwarded towards nodes that share successively longer address
prefixes with the destination. This is accomplished by considering that each Nodeld and key is
a sequence of digits with base 2%, where b is a numerical parameter (its typical value is 4). As
described in [RDO1], a node forwards the message in each routing step to a node whose Nodeld
shares with the key a common prefix that is at least one digit longer than the prefix that the key
shares with the present Nodeld. If such a node does not exist, then the message is forwarded to
a node whose Nodeld shares a prefix with the key as long as the current node, but it numerically
closer to the key than the present Nodeld. Under normal operation, Pastry can route a message
to the closest node for a given Nodeld or key in less than [log,», N. In case of concurrent node
failures, the delivery of a message is guaranteed unless [|L|/2] nodes with adjacent Nodelds fail

simultaneously, where |L| is a configuration parameter.

This routing procedure is accomplished by using information maintained in the routing table,

the leaf set and the neighborhood set of a node. The routing table of a node contains [log,, N
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rows with 2¥ — 1 entries each. The n-th row of the routing table contains a respective entry for a
node whose Nodeld has the same prefix for the first n digits, but whose n + 1th digit has one of
the 2° — 1 possible values other than the 1 + 1th digit of the present Nodeld. If a node with such
a Nodeld does not exist, then the routing table entry is left empty. The leaf set is the set of nodes
with the I/2 numerical closest larger Nodelds and the I/2 nodes with numerical closest smaller
Nodelds, relative to the present node’s Nodeld. The neighborhood set is a set of [ nodes that are
near the present node according to the proximity metric and it is used during the addition of a
new node or a recovery process.

Kademlia [MMO2] is a symmetrical DHT-based overlay that uses an XOR metric to measure
distances between the leaves of a binary tree. Both data items and nodes are assigned unique iden-
tifiers from a unified address space. Items to be inserted in the DHT are (key, value) pairs, where
the value is the data item to be stored to the node with the closest ID to the key. The notion
of distance between points in the identifier space is defined by the XOR metric. The Kademlia
protocol locates data items based on their keys, only if their exact key is known in advance. The
query messages are routed in the overlay according to the information that each node maintains
for other peers. This information is acquired by the messages that a peer receives. The symmetric
feature of the XOR metric allows Kademlia participants to receive lookup queries from precisely
the same distribution of nodes in their routing tables. Kademlia appeals as an appropriate selec-
tion due to its simple routing table structure and its consistent algorithm throughout the lookup
procedure.

The basic operations supported by the Kademlia protocol [MMO02] are:
PING: This RPC probes a node to see if it is online.

STORE: At first, the node initializing the STORE operation calculates the key for this data item,
usually a hash over its content. Then, it searches the network in several steps, until the

closest nodes to that key are discovered. Afterwards, the data item is stored in these nodes.

FIND_NODE: This operation returns the kappa closest nodes to the asked node ID, where

kappa is a system parameter.

FIND_VALUE: When a node of the Kademlia network is instructed to lookup a value in the
network, it issues a parallel queries (FIND_NODE) to the kappa closest nodes it is aware
of. It continues the process until the kappa closest nodes to the target key are found. Then,
the node issues a FIND_VALUE RPC to retrieve the value. The system wide parameter
kappa also specifies the number of copies maintained for each data item, and controls the
size of routing tables in peers. Both a and kappa variables are set at each participant node

and affect only local service performance.
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A variety of structured overlay networks exists as well, implementing different structures or
routing strategies, etc. For instance, CAN [RFHT01]] deploys a d-dimensional Cartesian coordi-
nate space, which is dynamically and completely partitioned among all the peers of the overlay.
Each node is responsible for a distinct and individual zone of the d-dimensional space and main-
tains a routing table with O(d) entries and any node can be reached in O(dN'/?) routing hops.
Two nodes are neighbors if their zones share a d-1 dimensional hyper-plane. Each data item is
assigned a unique point of the d-dimensional space with the use of a uniform hash function and
it is assigned to the node responsible for the zone that this point lies in. Tapestry [ZHST04] fol-
lows also a prefix-based routing similar to Pastry, but differs in its approach to achieve network
locality and to replicate objects. P-Grid [AbeO1]] is a structured overlay that implements a dis-
tributed search tree. Each node holds a part of the overall tree and its position in the overlay is
defined by its path in the tree and is responsible for the data items whose key begin with the bit
representation of its path. In P-Grid, the queries are resolved based on prefix matching, while
the key-space is dynamically partitioned among nodes depending on the load resulting in even

distribution of the keys among the nodes even for non-uniform load distributions.

2.3 Indexing Techniques in Peer-to-Peer Networks

Various research works investigate how P2P systems can gain the strengths of data manage-
ment in semantics, data transformation and data relationships, which could enable them to pro-
vide complex queries capabilities. The survey of Risson and Moors [RMO6] presents a summary
and comparison of search methods in P2P systems. A large number of existing works emphasizes
on the creation of powerful indexing schemes and how these schemes can be adapted to specific
types of queries, such as aggregation queries, range queries, similarity queries, structure queries,
conjunctive queries, etc. Indexing techniques either followed in traditional database systems or
combining the properties of the underlying overlay and the targeted type of queries have been
proposed. At first, an overview of the works aiming at providing database functionalities in a
distributed environment is presented.

PIER [HHBT03], [HCHT05] proposes a distributed architecture for an Internet-scale dis-
tributed database aiming at supporting multiple operators such as selection, projection, union,
join, group-by, etc. A DHT-based overlay is used for query routing, so as the system to scale up
to thousands nodes connected over the Internet. Each tuple to be inserted in the PIER overlay is
self-describing containing its table name, column names and column types. On top of the DHT
overlay, a secondary indexing scheme is built creating a tree among the nodes. The purpose of
this index is to reduce communication cost by gathering tuples to a single node during the res-
olution of aggregates and joins. Thus, the nodes are organized in trees; a node involved in the

computation of such queries computes its local result and forwards it one hop closer to the root
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level. Each node also supports a local Scan method allowing the query processor to view all the
objects that are present to the local node.

Piazza [[[HO4] is another Peer Database Management System (PDMS), where each node
maintains its data modelled in XML. This work focuses mainly on achieving better performance
of the search strategies based on reformulations of queries, pruning of redundant optimizations
and pre-computing of semantic paths. The proposed approaches enable nodes to operate in a
completely decentralized fashion, utilizing the standard lookup operations to refine their local
knowledge.

PeerDB [OTZ703] is a full-fledged data management system that facilitates sharing of re-
lational data without predetermined shared schema. A local database for the data management
exists in each node of PeerDB, while a “Local Dictionary” stores the associated metadata for
each created relation and another dictionary structure stores the metadata of objects that are
sharable to other nodes. In PeerDB, agents are introduced, which are responsible for the pro-
cessing of queries. In a first phase, nodes are contacted and return prospective answer metadata.
In a second phase, the user selects the relevant metadata and the selected resources are contacted
directly and a reformulated query matching to relation name and attributes of the node is posed
to the local database.

The pSearch [TXDO03] system is built on top of a CAN overlay accommodating documents
indexed according to their semantic vectors produced by the Latent Semantic Indexing (LSI).
The specific system cannot handle dynamic collections of documents, since the semantic vectors
have to be defined a priori and thus the documents of newly-joined peers, with terms that are
not encapsulated in the existing vector, cannot be indexed by them.

Mercury [BAS04] is a network consisting of multiple circular overlays, where each overlay
corresponds to a different attribute. The nodes are partitioned into groups called attribute hubs
and each hub is responsible for a different attribute. The nodes of a hub are organized in an order-
preserving manner and each node is responsible for a certain range of a certain attribute. This
scheme enables the resolution of range queries which require an ordering of the stored data. A
query for more than one attribute is considered as a conjunction of predicates and is routed to all
relevant hubs. Since the elimination of the hash function may result in non-uniform partitioning
of data among nodes, Mercury emphasizes on load balancing, using random sampling to avoid
problems with skewed data distributions.

All these approaches offer solutions for the creation of distributed database systems for stor-
ing and sharing structured and heterogeneous data. The works based on structured overlays pro-
vide better search efficiency but impose more maintenance overhead. In both cases, the above
systems adopt a global indexing strategy for all the tuples stored in the network and this fact
results in a costly procedure as the volume of data and the number of schemas and attributes

increase. The indexing and maintenance process of large-scale data ends up to be very costly
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in terms of bandwidth consumption and time, especially when high update and churn rates are
observed.

A more dynamic solution for the creation of a peer-based data management system that in-
dexes only a portion of the stored tuples is PISCES [WLOTO08]. The specific system follows a
partial indexing strategy for a subset of the stored tuples based on criteria such as query fre-
quency and update frequency. Each node maintains its own database and it also participates in
a structured network like BATON [JOV05] and CAN [RFHT01]]. The partial index is built upon
approximate information gathered by a histogram based approach about the total number of
nodes, the total query number, the query distribution and nodes’ arrivals and departures. Nev-
ertheless, this approach targets mainly to support queries regarding relational data and does not
handle the special case of hierarchies over multidimensional datasets, especially when emphasis
is given on the interlinking of data.

Apart from the more generic systems aiming at the sharing of structured data, there are also
various research efforts focusing on the design of P2P overlays oriented towards the efficient
resolution of a special category of queries and the proposed indexing techniques are intended
to serve mostly a specific purpose. The followed approaches target either at introducing hash
functions that maintain an ordering of the data items among the nodes or building additional
structures, which can be applied on top of existing structured overlays.

An approach to influence the placement of relational objects in a DHT overlay by introducing
a hashing function is presented by Gupta et al. [GAAO3]. The authors develop a P2P architecture
for computing approximate answers for complex queries expressed in the form of SQL state-
ments. The tuples of a relational database are partitioned horizontally and assigned to nodes in
a locality preserving manner with high probability using Locality Sensitive Hashing. The query
processing occurs by locating partitions relevant to the query and approximate results are re-
turned. The quality of the results depends on the complexity of the hashing function, which may
also result in load balancing problems.

In [AX02], an effort to support a distributed information system for computational grids on
top of a CAN overlay is presented. Each attribute describing a resource is indexed in a different
DHT overlay. The adoption of a hash function based on the Hilbert Space Filling Curve tries to
achieve the mapping of ranges of values to nearby CAN zones. Thus, this approach focus on the
resolution of range queries, which are initially routed to the node responsible for the middle point
of the range and then recursively propagated according to three proposed and evaluated ‘flood-
ing’ strategies. If a query involves more than one attributes, then the query is resolved for each
attribute separately and the returned results are concatenated in a database-like “join operation’,
increasing the cost of resolving a more complex query.

Towards the efficient processing of queries that cannot be resolved with simple DHT lookups,

a common strategy is the adoption of additional indexing mechanisms on top of the DHT-based
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overlays. An indexing structure that has been mainly used for prefix searches is tries. Tries are a
generalization of trees for storing and processing strings in which there is a node for every com-
mon prefix. In tries, the actual data is stored in the leaf nodes and thus lookups are resolved by
finding the leaf whose label is a prefix of the queried value. In various works, tries are distributed
among the nodes of a DHT-based overlay. The Prefix Hash Tree (PHT) [RRHS04] is a trie-based
structure indexing binary strings based on their common prefix. The main type of queries sup-
ported in this system are one-dimensional range queries. Each node maintains a pointer to each
immediate left and right node and a range query can be resolved either in a linear or binary man-
ner. A range query is performed by various DHT lookups and the query cost is data dependent.
Datta et al. [DH] " 05] incorporate the trie in the network itself by suitably organizing the routing
tables of a P-Grid overlay. The exact match searches are resolved by the mechanisms of P-Grid,
while two strategies are proposed for the resolution of range queries. The min-max traversal
strategy starts querying one of the bounds contained in the range. The respective node returns
the relative data and forwards the query to a peer responsible for the next partition of the key
space, until a peer for the other bound of the range is encountered. Another strategy is imple-
mented as well, where the range query is split into smaller ranges, which are posed concurrently.
The Distributed Lexical Placement Table (DLPT) [CDT07] is a dynamically constructed trie on
top of a DHT-based overlay for indexing, enabling service discovery in grid environments.

Other types of trees are also exploited for creating additional distributed indexing structures.
P-Trees [CLGS04] are decentralized indexing structures, maintaining parts of semi-independent
B+ trees on top of a Chord ring. The created trees are used for the routing of equality and range
queries along their paths. Nevertheless a query cannot be guaranteed to terminate — for example,
if a node crashes due to complex cross-structure management. The Range Search Tree (RST) is
another tree for the indexing of ranges of values built on top of a DHT overlay, such as Chord.
Each level of the tree corresponds to a different granularity of data partitioning, while content is
registered with all or various levels of the RST and the corresponding physical nodes of the DHT.

An approach based on multi-level bloom filters was proposed in [KP04]. In this work, the de-
scribed structures are used to summarize hierarchical data and support regular path expression
queries. The studied data are XML trees contained in documents and the multi-level filters are
used to summarize the documents stored locally in a node and the documents of its neighbor-
ing nodes, while nodes with similar filters (and thus similar content) are linked together. These
summarization structures are exploited during the routing of path queries over distributed col-
lections instead of searching the actual documents.

A more relative scheme targeting the online processing of aggregate queries is described in
the Distributed Online Aggregation (DOA) Scheme [W]JOT09]. In this case, the calculation of
results is approximate and multiple iterations take place: in each iteration a small set of random

samples are retrieved from data sites and assigned to available nodes for processing. The random
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sampling among the distributed nodes may bias the calculated result and premises that each node
must provide an interface for picking random sample from its database. Apart from this fact,
all data needs to be mapped to a global schema, but this is not feasible usually and introduces

complexity to the system.

2.4 Indexing of Semantic Data in Peer-to-Peer Overlays

The Resource Description Framework (RDF) is a widely accepted standard in the Seman-
tic Web and has been widely adopted for the representation of semi-structured data. Many ap-
proaches combine techniques from the relational databases to build large centralized repositories
that index and query such data, as it has been discussed in [HSTWTI1]. The most representative
categories in centralized approaches are the triple stores and vertically partitioned tables. In most
cases, the triple stores such as Virtuoso [Vii], 3store [HG03] and RDF-3X [NW10] store RDF
triples in a simple relational table. The approach in [AMMHO7] proposes a physical organiza-
tion based on vertically partitioning tables. In this scheme, the triples are spread over multiple
two-column tables. Each tuple of a particular table contains a subject and an object column for a
particular property that connects them. This approach clearly outperforms simple or naive pro-
cessing solutions that perform multiple joins on a huge RDF table or property tables that cannot

handle multi-valued attributes (i.e., a value such as subject linked to multiple values).

Nevertheless, centralized solutions do not scale [MAYUO5] and more advanced indexing
schemes are enforced on top of triple stores to boost up performance [AMMHO07, WKB0§]. In
Hexastore [WKBO08], the previous method, deemed strictly property-oriented and behaving sub-
optimally for general queries, is amended. The proposed index structure comprises of six distinct
indices that treat subjects, properties and objects equally. Each of the indices focuses on a single
element of the triplets and defines a prioritization between the other two elements. These indices
in effect materialize all possible orders of precedence of the three RDF elements with a 5-fold
worst-case storage increase. Both systems in [AMMHO07, WKBO08§] build on similar notions and
try to alleviate the scalability issue in existing central RDF stores by improving complex query
performance. While they both have particular pitfalls (search is limited to only a few properties
for [AMMHO7], strictly main-memory evaluation and extreme storage overhead for [WKBO08]),

they only offer efficient centralized triple management.

As the growing volume of data cannot be handled efficiently in centralized solutions, various
distributed schemes have been proposed in the literature. As far as structured P2P systems are
concerned, the majority of efforts focuses on distributing RDF data among multiple peers. RDE-
Peers [CF04] was one of the first efforts to store triples on top of a MAAN overlay [CFCS04]
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by hashing the subject, the object and the property and insert the same triple with three dif-
ferent keys in the overlay. ATLAS [KKK™10] uses also RDFPeers for querying RDF data. Grid-
Vine [ACMHPO04] follows a similar approach to RDFPeers for inserting RDF triples in a P-Grid
overlay [AbeOI] and storing them in the local database of the node. Another platform for sup-
porting index-based path queries is IMAGINE-P2P platform [ZSL™05], which builds a semantic
overlay on top of a structured P2P overlay that provides object location and management ser-
vices. Triples containing values and the relationship that correlates these values are stored in
the semantic overlay, where trie structures are deployed. Path queries are decomposed to the
subqueries that are sequentially processed and resolved along the index paths defined by the
relationships among the semantic objects stored in a Chord ring.

All these efforts in P2P networks may easily lead to overloaded nodes with poor performance
for popular triples (that is, the node responsible for the key of rdf:type). Also, they cannot exploit
the semantic information included in this kind of data and they are forced to build additional
semantic layers or interfere to the organization of the overlay according to the semantics of data
(e.g. [KSHSO08], [ZHDRO9]) or extend the RDF model. These modifications add more complexity
and increase the cost for maintenance of the external structures, especially during update pro-
cedures. Also, all these approaches encounter all the problems of distributing query processing,
where large volumes of data need to be fetched in the query initiator and joined before they

proceed to the evaluation of the rest of the parts of the query.

2.5 Handling Multidimensional Data in Peer-to-Peer Overlays

2.5.1 The Multidimensional Data Model

The multidimensional data model is a model exploited in data warehouses and applications
for On-Line Analytical Processing (hence OLAP). The purpose of this model is to serve the res-
olution of complex queries quickly, since the whole analytic task takes place on-line. This model
views data in the form of a data cube (or cube) defined by dimensions and facts, where facts are
numerical measures [HKO00]. Dimensions are the perspectives or entities that identify and cat-
egorize data and form the edges of the cube. Organizing measures in a data cube requires that
these measures have the same shape, i.e., they have the exact same dimensions. A typical exam-
ple is the data cube that maintains the Sales of a company. In this case, the dimensions may be
Location,Time, Customer and Product and the described measure is the total amount of sales.

In relational databases, the N-dimensional data are modeled as N-attribute domains. The
cube operator is the N-dimensional generalization of simple aggregate functions [GCB™97] and
performs the computation of the aggregation function for all possible combinations of group-

ing attributes. The relational implementation of a cube is typically a star schema or a snowflake
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schema. In star schemas, data are organized into dimension tables, fact tables and materialized
views. The fact table is a large central data table containing the bulk of the data with no redun-
dancy. A dimension table represents a dimension and contains a set of attributes, which may
form either a hierarchy (total order) or a lattice (partial order). The snowflake schema is a varia-
tion of the star schema, where some dimension tables are normalized, thus splitting the data into
additional tables so as to reduce redundancies.

It is common in data warehouses for data to be organized at different levels of aggregation
with the use of hierarchies. A concept hierarchy defines a sequence of mappings from a set of
low-level concepts to higher-level, more general concepts. In the multidimensional data model,
dimensions may contain multiple levels of abstractions defined by concepts hierarchies, thus
allowing users to view data at different levels of aggregation. In [HKOO], the following OLAP

operations for the multidimensional data model are defined as follows:

+ Roll-up is the operation that performs aggregation on a data cube either by climbing up a
concept hierarchy of a dimension or by dimension reduction. In dimension reduction, one

or more dimensions are removed from the given cube.

+ Drill-down allows the navigation from less detailed data to more detailed data, either by
stepping down a concept hierarchy of a dimension or by introducing additional dimen-

sions.

+ Slice and dice operation performs a selection on one dimension of the given subcube

resulting in a subcube.

« Pivot (or rotate) is a visualization operation that rotates the data axes in a view in order

to provide an alternative presentation of the data.

The computation of a cube is a procedure that involves the scanning of the original data, so as
to apply the required aggregate function to all groupings and generate the relational views with
the cube content. Due to the fact that the increase of dimensions results in an exponential growth
of the size of the data cube, various methods have been developed for the computation of data
cubes in centralized systems. In the MOLAP approaches (e.g. [ZDN97]), a data cube is stored in
a multidimensional array. The main disadvantage of this method is that cubes are sparse in most
real-life applications with a large number of empty cells; a fact that results in the inefficient man-
agement of the storage space. Another major category is ROLAP cubing methods. The Bottom-
Up Cube (BUC) [BR99] is a method for the computation of the cube in a bottom-up fashion,
starting with the calculation of the ALL value. It also computes only those group-by tuples with

an aggregate value above some predefined minimum support threshold. Various other methods
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have been based on BUC, e.g. CURE [MIO6] which uses a similar execution plan, while it sup-
port hierarchical data and removes all forms of redundancy for efficient space utilization. A third
category is the Graph-Based methods, which use tree-like structures for cube construction and
efficient storage. Dwarf [SDRKO2] is a highly compressed structure and achieves that by eliminat-
ing prefix and suffix redundancies. In [SDKRO03], the initial Dwarf structure has been extended so
as to support aggregate queries on every level of a dimension’s hierarchy. QC-trees [LPZ03] is an-
other compressed structure presenting similar redundancy reduction capabilities and supporting
roll-up and drill-down operations. Nevertheless, these approaches present increased complexity

as far as the construction of their structures is concerned.

2.5.2 Indexing techniques in Peer-to-Peer Overlays

As the use of data following the multidimensional data model increases more and more in
various applications, the users tend to issue queries requiring complex processing (e.g., aggre-
gation queries, similarity queries, range queries). The simple lookup mechanisms of traditional
P2P protocols are not adequate and show poor performance for multi-attribute (or multidimen-
sional) queries. For example, a query about all the products of a company created by a specific
manufacturer and sold in a specific time period cannot be answered efficiently by the simple
DHT lookup operation.

The indexing of multiple attributes for answering such types of queries requires that the gen-
erated keys in a DHT overlay enclose such semantic information. A solution is to use the values of
the indexed attributes (or dimensions) in the generation of keys. In the case of hierarchical mul-
tidimensional data studied in this thesis, the result of this solution would be to insert the same
fact multiple times in the overlay; one time for each level of the hierarchy and for each possible
combination among dimensions. The multiple insertion of the same fact is a followed approach
in DHTs to ensure load balancing and robustness. Nevertheless, a large storage overhead would
be introduced in the case of multidimensional hierarchical data, where the number of possible
combinations is not small and increases exponentially to the number of dimensions.

Another approach is the placement of data among the nodes in such a manner that such
types of queries to be routed to the responsible nodes with low communication cost and band-
width consumption. The exploitation of Space Filling Curves (hence SFC) for the construction of
functions that take into account the values of the attributes for the generation of IDs fall into this
category. In these approaches, it is assumed that the attributes form a multi-dimensional space,
which is commonly mapped to one dimension and vice versa using a SFC. The property of SFCs
exploited in this approach is that there is high probability of the creation of locality-preserving or-
derings. For this reason, SFCs have been also used for indexing of multidimensional data in tradi-

tional applications such database systems [Bay97,[H81,LK00], image processors. The mappings
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produced by a Hilbert SFC exhibit better clustering properties as shown in [MJFSO01], namely the
locality between objects in the multidimensional space is best preserved in the linear space. P2P

indexing schemes using SFC-based function can also be found in the literature.

Squid [SP04] is a Chord-based overlay accommodating multi-attribute data, while it supports
partial keyword, wildcard and range searches. Each data item is described by a set of d-attributes
and is mapped to an ID by a function that maps the attribute values to a Hilbert index. If a query
includes value ranges, then the query is transformed through the Hilbert mapping into a series
of one-dimensional interval queries, which are resolved in the Chord ring. To avoid a flooding-
like search, a recursive procedure is followed with the use of an embedded prefix tree: At each
search step, longer prefixes of candidate clusters are looked up. If a node is responsible for the
IDs with the prefix in question, then it queries its local database. In the opposite case, it initiates
new lookups for more specific sub-clusters. Despite the recursive searching of SFC clusters and
the pruning of nodes which do not contain relative data elements, the whole procedure imposes
relatively large computational and messaging costs and problems related to load balancing ac-
crue. To avoid these problems, Squid relies on the fact that the d-dimensional keyword space is

sparse and so the data items are assigned to peers roughly in the same way.

CISS [LLK™07] is another framework that utilizes SFCs for searching multidimensional data
in the context of massively multiplayer online games and P2P catalog systems. In this work, a
hierarchical naming structure for catalogs is also considered. A locality preserving function that
uses the Hilbert SFC produces mappings from multiple bit keys to a one-dimensional key and it is
used for the clustering of objects among the nodes, so as efficient data updating and multidimen-
sional range query routing to be achieved. CISS focuses on the resolution of queries including
ranges of attribute values in a 2-dimensional space. The queried ranges are mapped to candidate
key ranges, and the node responsible for the first key of a candidate cluster is looked up. After-
wards, this node forwards the query to succeeding peers, until all relevant objects are retrieved.
The authors of CISS adopt the forwarding-based routing strategy to optimize query processing
and avoid congestion nodes that they believe that are introduced in Squid by the prefix based

routing.

An SFC-based function for producing single-dimensional indices is also used in SCRAP
[GYGMO04] and the produced keys are assigned to peers of a SkipGraph network [H]ST03]. In
this scheme, range queries over multiple attributes are studied and the routing of the queries for
candidate SFC clusters is implemented through SkipGraph. Nevertheless, the number of calcu-
lated ranges may be very large and definitely depends on the refinement level of the SEC curve.
ZNet [SOTZ05] proposes a similar approach to SCRAP; the main difference is that the multidi-
mensional space is dynamically partitioned using a Z-curve. The nodes may be responsible for

continuous ranges of Z-addresses of different lengths according to the order of the curve for the
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specific interval. A range query is initially forwarded to the nodes assigned with the shorter pre-
fixes, before being further refined by computing the next recursion of the curve for producing
more specific candidate intervals.

The exploitation of SFCs for the assignment of one-dimensional keys to objects described by
multiple attributes aims at the placement of data in a locality preserving manner, thus achieving
the clustering of “similar” objects. Nevertheless, it is assumed in these approaches that appro-
priate encoding schemes exist to map the attribute values to a specific number of points in each
dimension. For different types of attributes (e.g. numeric, date, string type), different encoding
schemes need to be developed. These schemes pose also the need for knowing or having at least a
good estimation of the possible values of the attribute, otherwise they become highly ineffective
for the mapping procedure. At the same time, another posed restriction by this method is that
all dimensions have equal cardinalities. The cardinality of each dimension increases for higher
approximations of the curve, but this results in the increase of the complexity of the calculation
of the mappings, especially when the effort is to define the mappings of ranges of values in the
multidimensional space to a series of ranges at the level of the SFC. Reducing the number of pos-
sible coordinates of the dimensions may lead to a completely unbalanced assignment of items to
nodes.

If an SFC-based function is exploited for data with multiple, hierarchical attributes, then each
level of each hierarchy can be considered as a different dimension. In this case, highly dimensional
spaces will occur and the SFC-based functions will loose the desired properties. Another solution
is to handle the hierarchy inside the encoding function and adopt an approach similar to CISS.
Besides of the added difficulty for creating such an encoding, the query resolution is not effective
as well. If the whole path from the most generic level is not defined in all dimensions or at least
the values for the most levels are not given, then numerous, non-contiguous SFC segments are
determined. This is a computationally intensive and time consuming procedure, which is also
not effective, as the query is actually flooded across the network.

Various works also exist that define their own data organization schemes for indexing mul-
tidimensional data in structured overlays. Apart from SFC-based functions, some works de-
fine their own functions for assigning data objects described by multiple attributes to peers.
For instance, the properties of a Kautz graph are exploited by algorithms for single and multi-
attribute hashing that preserve entire and partial order in the structured overlay called Armanda
[LCLCO9]. Each peer in the overlay is responsible for a specific interval of an attribute’s adja-
cent values and searches for ranges common prefixes are enabled. Another major category of
systems hosting such types of data includes extensions of existing DHTs, e.g., Chord or CAN.
MAAN [CFCS04] extends Chord to support multi-attribute and range queries. It implements a
locality-preserving hashing function and one different registration for each of the resource at-

tributes is performed. MAAN supports only predetermined schemata with a fixed number of
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attributes. MURK [GYGMO04] implements a distributed kd-tree in order to partition the data
space to rectangles and assign them to participating nodes. Each node is aware of its neighbors
and queries are forwarded along these links. A distributed quadtree is implemented for indexing
and querying of spatial data in [ITHS07]. The centroid of each quadtree block is hashed and in-
serted in a Chord overlay. In all these types of aforementioned approaches, the effort is towards
the elimination of the random assignment of data in a structured overlay and the preservation of
an ordering of the stored values. These works mainly focus on the effective resolution of a specific
type of queries and require additional techniques to acquire properties inherently supported by
a DHT, such as logarithmic routing, recovery after node arrivals and departures, load balancing

and replication.

2.6 Grid Computing

Grid computing [FK99], [FK03] focuses on studying distributed infrastructures, where users
share geographically distributed resources integrated under a common middleware. It adopts the
principles of the software model called Service Oriented Architecture (SOA) and provides seam-
less access to services deployed in a distributed manner. The basic characteristic of these sys-
tems is the existence of explicitly defined rules and policies to enable flexible, secure and coordi-
nated resource sharing among dynamic virtual collections of users, named Virtual Organizations
(also referred as VO). A Virtual Organization is as a set of individuals and/or institutions defined
by highly controlled sharing rules, with resource providers and consumers defining clearly and
carefully just what is shared, who is allowed to share and the conditions under which sharing
occurs [FK99].

The grid middleware is responsible for hiding the heterogeneity and complexity of the un-
derlying physical infrastructure and provides uniform access to the users. Apart from that, the
middleware comprises of services critical for the operation of the infrastructure, such as the
coordination of the use of resources, monitoring and accounting of the infrastructure, data man-
agement, job execution and progress monitoring and other services related to the operation of the
system. Although the execution of applications and the storage of data may occur among mul-
tiple sites, the design of some of the basic functionalities is constrained to follow a centralized
approach. To avoid flash crowd situations and achieve better service availability and response
time, these service are replicated among multiple instances. Nevertheless, this strategy has been
proven insufficient in many cases and more distributed approaches are required.

Grid infrastructures have been widely used for the execution of complex scientific and busi-
ness applications. These applications are characterized by a need for complex computations on
large and distributed datasets, as well as their storage and dissemination across multiple sites.

Depending on the scope to serve, grid systems can be characterized mainly as Computational
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Grids or Data Grids. In [FKT01], a Computational Grid system is defined as an environment con-
sisting of one or more hardware- and software-enabled environments that provide dependable,
consistent, pervasive and inexpensive access to high-end computational capabilities. In these
environments, most emphasis is given on the seamless resource sharing aspects in a collabora-
tive virtual organizational world and the majority of the resources provide mainly computational
power. Data Grids are wide-area distributed infrastructures of heterogeneous resources capable
of managing immense amount of data. The core services for accessing heterogeneous storage
resources, storing, transferring and searching large datasets are described in [CFK™00]. Existing
grid testbeds may combine features from both categories so as to serve the needs of the users.
Nevertheless, the data-intensive oriented Grid systems have been recognized as candidate
platforms, where DHT-based mechanisms can be introduced to provide efficient and scalable
services for discovery, search and transfer of the stored data. Some of the existing critical services
can be only executed as single instances since they need information about the whole infrastruc-
ture for their operation. The design and the deployment of such systems can take advantage of
methodologies enforced in P2P networks for the management of large amounts of data and the
increase of availability, when the amount of stored data and the number of performed operations
increase. These methodologies have been exploited to transform services executed in a central-

ized manner into scalable, reliable and concrete services.
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Figure 2.3: Overview of the architecture of Gredia data middleware

2.7 Exploiting Space Filling Curves for a Distributed Metadata Catalog

The properties of Space Filling Curves (hence SFCs) can be exploited for data items described
by multiple dimensions, while the semantics of these values are maintained. As it has been already
discussed, various works in the bibliography examine on how to efficiently handle such data and

perform fast and accurate exact match and range lookups.

This section describes a technique that exploits the properties of SECs for the design of a
scalable and distributed Metadata service in the Gredia platform [GRE]. The Gredia platform
provides a Grid-based infrastructure that allows developers, professionals and users to share
annotated multimedia content. An overview of the middleware architecture developed for the

Gredia platform is shown in Figure P.3.

The Metadata service hosted by the Metadata overlay provides a search mechanism for the
annotations of the multimedia content stored in the Gredia platform. Each data file containing the
multimedia content is described by a set of metadata attributes following a predefined metadata
schema designed according to the needs of the users. The multimedia content is annotated along
multiple dimensions as it deemed important to characterize the file and make it searchable upon.
The metadata values of each data file are included in its metadata file. Users should be able to

perform efficient point and range queries over the multiple attributes that index each file.
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The role of the Metadata service is very important for the search and retrieval of the ac-
tual content. The approach followed in Grid systems is the creation of centralized catalogues for
each VO, which maintain the information about the stored data of the users providing restricted
functionality. As the number of users and the volume of data increase, this solution fails to serve
effectively the requests of the users. With the proposed scheme, meta-data are stored among the
nodes participating in a DHT overlay built according to the Kademlia protocol and the number
of visited peers is dynamically minimized and consequently so is the bandwidth utilized to collect
answers. Moreover, fault-tolerance is automatically handled by the underlying DHT’s inherent

replication mechanism, without influencing the effectiveness of the query engine.

The approach followed to enable the resolution of point and range queries for multi- dimen-
sional data exploits the fundamental property of SFCs. An SFC continuously maps a compact
interval to a d-dimensional space and vice versa. SFCs preserve locality, so that points in the

1-dimensional space are mapped to close points in the d-dimensional space.

The SECs are utilized in the Metadata overlay in order to influence the data placement in
the DHT without changing the routing algorithm of the DHT protocol. The goal is metadata
files with relative attributes to end up in nodes with close IDs, so as to reduce flooding over the

network for range queries.

In the proposed multidimensional indexing scheme, the set of d attributes to be indexed is
considered to form a d-dimensional space. Each point in this space represents a combination of
values for these indexed attributes. The points of the d-dimensional space are mapped down to a
single dimension by a SFC, such as the Hilbert curve or the Z-curve. The result is the partitioning
of the d-dimensional space into 2% cells, which in turn are mapped through the SFC to 2 points
of a single dimension. In more details, the d-dimensional space is divided in d-cubes that are
mapped to intervals of the SFC. Without loss of generality, each hypercube is considered to be a
point of the d-dimensional space and the corresponding interval in the SFC to be a point of the

single dimension.

A basic property of SFCs is their recursive generation. Initially, the d-dimensional space is
subdivided into 27 cells mapped into the First Order Curve, where k is considered to be equal to
one. In the next recursion, each cell is subdivided 24 more times and is mapped into the Second
Order Curve. The number of recursions is indicated by the factor k called approximation order.

This factor defines the number of space partitions and thus the precision of the algorithm.

The derived values in the single dimension represent the keyset of the Kademlia-based DHT
overlay. Each key is kd bits long and each node in the overlay manages data in one contiguous
range of the SFC. The mapping of a combination of values to a specific key is done by the SFC
module, which applies the hash function based on the SFC to produce the key used in the DHT



2.7. Exploiting Space Filling Curves for a Distributed Metadata Catalog 39

overlay. The produced key maintains the information included in the given values and the map-
ping takes place among the values of the d-dimensional space to the single dimension and vice
versa.

The SFC module may use either the Hilbert curve or the Z-curve. The Hilbert SFC presents
the best clustering properties [MAKO3], [MJESO1]. The mapping of a point in the d-dimensional
space to its position in the SFC and vice versa are not simple and the difficulty increases analo-
gously to the number of dimensions. The generation of the SFC can be performed non-recursively
by using circular shift and exclusive-or operations on bytes according to the Butz algorithm
[But71l]. Based on this algorithm, the mapping procedures from the d-dimensional space to one
dimension and vice versa have been implemented. The traversal of the SFC is done by generating
the curve recursively. Hilbert SFC can be approximated in a higher order by a combination of
First Order Curves appropriately oriented. The calculation of the mappings using the Z-curve is
simpler and the mapping is calculated by interlacing the binary digits of each dimension index.

A problem to tackle when deploying the proposed multidimensional indexing scheme has
been the segmentation of each dimension according to the number of possible values for each
attribute. Since the SFC-based method for enabling range queries over multiple dimensions pre-
sumes constant-bit indices, mapping functions of the possible attribute values to the available
values in each dimension are needed. The types of attributes that have been recognized are string,
date and categorical.

The categorical attributes are easily manageable, since their range of possible values is known
in advance and can be directly mapped to the available index space. Although range queries are
not a common case for categorical types, the imposed ordering at the dimensional level has been
exploited to enable the retrieval of metadata files characterized by more than one category. In
this case, the query is rephrased by the metadata module according to the ordering convention
followed when encoding. It is possible that multiple distinct values are joined in one or more
ranges when the search query reaches the overlay.

For string and date types, a simple character-coding scheme has been developed to produce
bit representations. However, the number of encoded characters that comprise the dimensional
index depends on the number of bits available for the attribute at the overlay level. Taking into
account that the number of index bits in each dimension is equal, the cardinality of the SFC is
dominated by the most numerous attribute. However, instead of scaling all attribute represen-
tations up, an approximation order of the used curve that requires a reasonable amount of bits
— depending on the application — has been selected and then encoded values are respectively
“cropped”. The encoding results in alphabetical ordering of strings on the corresponding dimen-
sions. The goal is to avoid using a large number of bits, so searches refer to more restricted search
spaces, thus end up to less nodes and are served more efficiently. Further filtering may follow in

case that the string value contains more than the allowed characters. To avoid increasing the
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number of mapped attributes excessively and thus the complexity of calculating the mappings,
the most critical attributes needs to be chosen for indexing according to the search frequency
of the users. Naturally, the rest of the attributes can still be included in the metadata file for
application-level selection (i.e., attributes defined by the MPEG-7 standard [MPE7] for the mul-
timedia content).

The use of the SFC module does not influence the procedure for the insertion of a metadata
file in the overlay. A key is generated according to the values of the indexed attributes, which
maintains the semantic information of these values. Finally, the file ends up to the node respon-
sible for its key.

The retrieval of a metadata file requires knowing the exact key used during the insertion of
the metadata file in the DHT. This means that the native lookup procedure is very restrictive.
If the combination of the indexed values for a specific file are known in advance, then the SFC
module generates the key used during the insertion phase of this file and the DHT lookup returns
the requested file.

Nevertheless, this search functionality is not usually adequate and the DHT mechanisms
need to be enhanced to support more complex queries. For example, when at least one value of
the indexed attributes is not defined, then the whole range of values in this dimension is searched.
A range in one or more dimensions can be narrowed down by specifying a starting and an ending
value for the corresponding attribute(s). Taking advantage of the properties of SFCs, the ranges
in the multi - dimensional space can be converted to a series of corresponding ranges at the level
of the SFC. Nevertheless, it needs to be considered the fact that a simple query even with only
one specified range in one dimension may produce numerous non-contiguous segments on the
curve, while some of the segments may even be single identifiers.

The resolution of range queries results in a procedure consisting of two basic phases. In the
first phase, clusters of SFC points answering the query are determined. In the next phase, lookup
operations for these cluster(s) start. Determining the SFC segments may be complex and com-
putationally intensive, thus the calculation of the candidate ranges of IDs can be done using the
feedback of the visited nodes. Assuming that churn is not an issue for the target applications,
each node is aware of the node with the closest ID in the network and maintains an index to-
wards it. Each time that a query for the starting ID range arrives to a node, it scans its keys and the
locally stored metadata files and replies with the ones that answer the query. It is indicated that
the indexed value is stored to a local database, so the node that receives a query can easily find
the metadata files corresponding to the query with a simple local database lookup. If the node is
responsible only for a subrange, then it forwards the query to the next node. The forwarding of
the query continues until objects within the ID range are retrieved. Afterwards, the next ID range
that answers the query and belongs to nodes that have not been already visited is calculated and

the lookup procedure continues as it has been described.
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It has been shown that the data placement and the indexing of the stored values can be used
to build an advanced query engine for complex queries, while the computational cost and man-
agement overhead can be minimized by exploiting the inherent DHT mechanisms leading to

scalable and fault-tolerant solutions.
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CHAPTER 3

Adaptive Methods for Distributing and Searching

Concept Hierarchies

hapter B presents a system for processing bulk hierarchical data in a DHT-based overlay. Con-

C cept hierarchies greatly help in the organization and reuse of information and are widely

used in a variety of information systems applications. The goal to achieve is to efficiently store

and query data organized into concept hierarchies and dispersed over a DHT substrate. In addi-

tion to the fact that the DHT substrate can transparently handle node churn, replication, reliable

distributed storage, etc, the proposed techniques offer adaptive indexing according to the granu-

larity of the incoming queries and online updating with low cost and no downtime. The proposed

mechanisms for re-indexing allow peers to decide individually on the level of indexing according

to the granularity of the incoming queries. Roll-up and drill-down operations are performed on a

per-node basis in order to minimize the required bandwidth for answering queries on variable ag-
gregation levels. The methods used in the proposed system are applied to distribute the execution
of a Grid Information System. In this case, a fully decentralized scheme is developed that creates,

queries and updates large volumes of hierarchical data on-line and is considered as a replacement
for the traditional centralized and strictly indexed information systems. Extensive experimental
results support this argument that the proposed techniques proves very efficient in skewed work-

loads, both over single and multiple hierarchy levels at the same time. The resultant system adapts

to sudden changes in popularity and effectively stores and updates large amounts of data at very

low cost.
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gf; Country ILO\/C::I — VO
City Category
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Address Site

Figure 3.1: A concept hierarchy for Loca- Figure 3.2: A concept hierarchy with the
tion. VO as the root level.

3.1 Introduction

The P2P networks apply as a distributed and resilient solution for the management of large
volumes of data. For this reason, the adoption of P2P overlays is indicated for large-scale dis-
tributed systems that host large amounts of data providing similar functionalities to the databases
systems.

In most applications, data are usually determined by multiple characteristics (or dimensions),
which can be structured with different levels of granularity through the use of concept hierar-
chies. A concept hierarchy (or taxonomy) defines a sequence of mappings from more general to
lower-level concepts. For example, Figure B.J] depicts the ordering for the Location concept from
the more general level, which is the Country towards the most detailed one, namely the Address.
In various applications, concept hierarchies with partial ordering are met, like the concept hierar-
chy for Time shown in Figure B.3. It is considered that the proposed system does not support this
category of concept hierarchies. In case that the application implemented on top of the proposed
system generates data following concept hierarchies with partial order, then a rearrangement of
the levels is needed so as the levels to be fully ordered, as shown for the Time in Figure B.4. The
mappings of a concept hierarchy are usually provided by application or domain experts. The or-
ganization of information according to a sequence of mappings from more general to lower-level
concepts is important for its search and reuse. The data can be searched at different levels of
summarization, while aggregation is supported by the structure of data.

While there has been considerable work in sharing simple relational data using both struc-
tured and unstructured overlays (e.g., [HHBT 03, 0OTZ703]), no special consideration has been
given to data supporting hierarchies. Assuming that a DHT-based overlay is used to build a large-
scale, distributed system, the problem to tackle is the development of the required techniques and
mechanisms to manage and process data with concept hierarchies.

The distinctiveness of inserting tuples containing values for each level of a concept hierarchy

is that they need to be stored and indexed so as queries for any level of the hierarchy to be allowed.
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Nevertheless, the DHT overlays support lookups only for the stored keys. The selection of the
value of a level to be used as the key of the stored tuple would result in a system that answers
effectively queries referring to the chosen attribute level, whereas queries concerning other levels
of the hierarchy demand global processing. Nevertheless, a solution of multiple insertion of each
tuple by hashing every hierarchy value is not viable: As the number of levels increase, so does
the redundancy of data and the storage sacrificed for this purpose. While exact-match queries
would be answered without global processing, this scheme fails to encapsulate the hierarchy
relationships. Thus, a hybrid solution is followed: The values of a reference level are hashed and
used as keys in the DHT overlay, while an adaptive indexing scheme is built for the rest of the
levels.

Another significant feature supported by the introduced techniques is the adaptiveness of the
resultant system implementing them to the query workload, in terms of adjusting its indexing
structures to the incoming queries to achieve better performance and load balance. The adap-
tiveness of the system depends on the ability of deciding adequately in an on-line, distributed
manner about re-indexing operations. The trends in the queries are monitored on a per node ba-
sis so as the most queried levels for all instances with the same value in the most general level to
be found. The re-indexing of inserted tuples to the most popular levels increases the efficiency of
the query resolution and contributes to more effective bandwidth consumption. The re-indexing
is achieved with roll-up operations towards more general levels of the hierarchy and drill-down
operations navigating to lower levels of the hierarchy with increased detail.

The above requirements have been taken into account and the proposed techniques can be
enforced to a system that efficiently stores, queries and updates data organized in concept hi-
erarchies. A DHT overlay is chosen as a reliable substrate over which data are stored, indexed
and queried, thus eliminating all possible bottlenecks created by the hierarchical or centralized
approaches. The data producers individually insert data items to the systems. Queries are still
answered, while incremental updates are efficiently processed. The described solution takes the
query granularities into account, adjusting the indexing structure to favor performance. Second,
the proposed system preserves all hierarchy-specific information and data are stored in tree-like
data structures and maintain indices to related keys. The insertion of data enables the resolution
of more complex queries referring to correlations among different levels of the hierarchy such
as: “Which sites correspond to vo ‘Biomed’ ?” or “What category does region AsiaPacific’ belong
to?.

The application that has been studied and applied on top of the proposed system is a dis-
tributed and efficiently operational grid information system. Grid computing allows for coordi-
nated resource sharing and problem solving in virtual organizations (VOs). A VO is a group of
users from multiple institutions who collaborate to achieve a specific goal. The vision of grid

computing is to provide a network of resources which, acting like a single supercomputer, offers
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Figure 3.3: A partially ordered hierarchy Figure 3.4: A fully ordered hierarchy for
for Time Time

resources that are easily accessible. In order for jobs to be adequately served by the most appro-
priate resources, the information system stores all needed information about the characteristics
of the available resources over time.

There exist a number of systems that accomplish the tasks of an information system (e.g.,
[MDS], [RGM], etc). Nevertheless, they either feature a central information repository or a hi-
erarchy of aggregation sites that introduce both scalability (single points of failure) and perfor-
mance (processing burden on a single site) issues. Work in the area of distributed databases offers
a variety of systems which can be used to disseminate and query this information. Nevertheless,
these schemes cannot be used to maintain the semantics of the hierarchy and efficiently retrieve
views of the data at different granularities. This is very important for applications such as a large
scale information system, as queries naturally target different levels of detail: Historic queries
usually require grouping by the highest hierarchy levels (e.g., group-by vo or group-by Year),
whereas online queries are naturally directed towards more detailed levels (e.g., group-by Site
or by pay).

In order to overcome these deficiencies, a fully distributed and adaptive architecture is pro-
posed. Let us assume that the system’s database contains a location dimension that relates to the
vo location information (see Figure B.7). Monitoring information is described by attributes (facts)
such as the number of running jobs, number of waiting jobs, available storage space, total storage
space, etc. Common accounting queries could be “Give me the average CPU time” or “Give me

the minimum available space in Gbytes’, presented to the user grouped by a VO value.

3.2 Notation

Let the data items stored in the system be in the form of tuples containing values for all levels
{; of a concept hierarchy with L levels. They also contain a numerical fact of interest (e.g., CPU

Time, Available Memory, etc) or the location of actual data. The uppermost level of the hierarchy
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(o) is called root level and its value root key. It is also defined for this work that £, < €, where
(a,b € ]0,L—1]), ifand only if £, is higher in the concept hierarchy (namely closer to £y) than £j.
The values of the hierarchy levels are organized in tree structures, one per root key. Without loss
of generality, it is assumed that each value of {; has at most one parent in £;_;. During the insertion
of a tuple, a level of its hierarchy is chosen and its hashed value serves as its key in the underlying
DHT overlay. This level is referred as pivot level and to its value as pivot key. Finally, the highest
and the lowest pivot levels of the hierarchy for a specific root key are called MinPivotLevel and

MaxPivotLevel respectively.

3.3 Data Insertion

The key for each tuple is the result of a hash function applied on the value of the selected
pivot level. Tuples are assigned to the node with ID numerically closest to the generated keys,

according to the standard DHT operations.

In the proposed system, both initial insertions as well as incremental updates are handled
in a unified manner. A completely distributed catalogue containing all the root keys and their
corresponding pivot keys is introduced. Each root key is stored in the node responsible for it
along with the list of pivot keys that have been already inserted. The root key is also aware of the

MaxPivotLevel used during tuple insertion containing its value.

The procedure followed during the tuple insertion is as follows: The root key for this tuple is
generated and a lookup for this key takes place in the DHT overlay. If the root key exists, the tuple
ends up in the node responsible for it. An insertion is considered to be the procedure followed
in case that the root key does not already exist in the overlay. Otherwise, the update procedure
is followed (see Section B.5.1)).

In case of an insertion, the tuple or the group of tuples with the same root key arrive at the
node responsible for it. The node selects a pivot level (either a random or a predefined one) and
the pivot key(s) of the tuple(s) is (are) calculated for the appropriate pivot level. Each new pivot
key is added to the list of pivot keys. Finally, each tuple is stored in the node with the ID closest

to its pivot key.

Each peer organizes the tuples in trees that preserve their hierarchical nature. As a conse-
quence, each distinct value of the pivot level corresponds to a tree that reveals part of the hi-
erarchy. When a new tuple arrives at the node responsible for it, the node searches its keys. If
no tuples for this pivot key have been stored, a new tree with a single branch is created. In the
opposite case, a new branch is added below the value of the pivot level with the new values of

the remaining levels.
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Figure 3.5: Iusertion of a new tuple with its root key not already stored in the overlay.

An example of insertion is shown in Figure B.5. A graphic convention is that solid lines rep-
resent existing indices, while dotted lines correspond to logical steps followed during the de-
scribed procedure. Let us assume that tuples follow the vo hierarchy depicted in Figure B.3 with
{2 (Region) as the globally defined pivot level for initial insertions. A tuple with root key esr’ is
inserted in the overlay. Since the specific root key does not already exist, a new index is created in
the corresponding node. Afterwards, Region is selected as pivot level and the tuple is forwarded

to the node responsible for this key, which creates a new tree with only one branch for this tuple.

3.4 Data Lookup and Soft-state Indices

Queries concerning the pivot level are exact match queries and can be answered by the DHT
lookup operation. Queries for any other level cannot be resolved unless flooded across the DHT.
Towards the exploitation of the knowledge acquired by flooded queries, soft-state bidirectional
indices are introduced to the proposed scheme. When a node answers a flooded query, it checks
whether a roll-up or drill-down is necessary. If this is not the case, the query initiator starts the
procedure of creating an index, as soon as it receives the complete answer. It inserts the result of
hashing the requested value in the DHT along with IDs of nodes having the actual tuples. The
tuple holders also mark the specific value as indexed. The next time that a query for this key is
initiated, the lookup operation locates the node holding the index, finds out the IDs of nodes

with relevant tuples and retrieves them.
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The created indices are soft-state, in order to minimize the redundant information. This
means that they expire after a predefined period of time (Time-to-Live or TTL). Each time that
an existing index is used, its TTL is renewed. This constraint ensures that changes in the sys-
tem (e.g., data location, node departures, etc) will not result in stale indices, affecting the validity
of the lookup mechanism. Moreover, after the number of indices has reached a limit Iy, the
creation of a new index results in the deletion of the oldest one(s). Overall, the system tends to
preserve the most “useful” indices, namely the ones directed towards the most frequently queried
data items

The nodes with actual tuples of the indexed value need to know the existence of an index, in
order to erase it after a re-indexing operation. The bidirectionality of the indices is introduced
only to ensure data consistency, despite of them being soft-state. During re-indexing operations,
the locations of stored tuples change and indices correlated to these tuples need either to be
updated or erased, preventing the existence of stale indices. It has been chosen to erase them, so
as to avoid increasing the complexity of the system. Detailed information for an existing index
is not essential for the node, where the tuples are stored. A simple mark for each indexed value
is adequate in order to erase its index, if it is needed. In this case, some redundant operations
for erasing expired indices may occur. If there are no memory restrictions and local processing
is preferable to bandwidth consumption, indexed values can be marked with a timestamp. Every
lookup for an indexed value renews the TTL in both sides of the index and only valid indices are
erased during re-indexing operations.

In the example of Figure B.g, a query for ‘SEE’ is resolved directly by the lookup operation of
the DHT protocol. Lookups for values of the root level are processed utilizing the indices created
during insertions. Nevertheless, any query for any level other than the pivot level or the root level
ends up with no results. For example, a query for data items described by “Tier2’ does not contact
the two nodes with the corresponding trees before the creation of the index. The next step is the
flooding of the query and the nodes storing the keys of ‘Spain’ and of ‘Germany’ are reached.
The query initiator, which is now aware of the existing pivot keys, creates indices storing the
information about these pivot keys to the node responsible for the value ‘Tier2’. This node now
has an index pointing to the node ‘Spain’ and another to node ‘Germany’. In the future, queries
for ‘Tier2’ will be answered without flooding, utilizing the created soft-state indices. As shown
analytically in Figure B.6, a query for the category “Tier2’, after the creation of the indices, reaches
the node responsible for this key, which in turn forwards the query to all relative nodes directly.
The nodes storing the trees with the queried value return only the relevant tuple(s).

Since root indices are created during the insertion of tuples, an optimization for the flooding
scheme can be applied to reduce the number of messages required for flooding, taking advantage
of their existance. When a flooded query is forwarded from a node to its subsequent neighbor

in the overlay, the covered range of IDs of the visited node (hence CoveredldRange) is registered.
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Figure 3.6: Lookup using soft-state indices for a value belonging to a non-pivot level.

According to the described approach of storing the data, if the query regards a value belonging
to a level below the pivot level, the corresponding tuples can be retrieved by only one node.
Therefore, the forwarding of the flooded query terminates, as soon as the node with the queried
value is contacted. In case of a query for a value above its pivot level, the forwarding of the query
cannot be terminated when the first contacted node responsible with a tree containing this value
is found. Nevertheless, this node can answer to the initial node with its corresponding tuples
and it can forward the query to the node responsible for the root key. Upon the delivery of the
flooded query to the node with the root index, the node examines the CoveredldRange of all
visited nodes and sends the query in parallel only to the nodes storing the pivot keys, that are
candidates to answer the flooded query and are not included in the CoveredldRange. According
to this strategy, the information stored in the root key is utilized and the visiting of all nodes may
be avoided during flooding. For example, let us suppose data tuples organized as shown in Figure
B.5. A query for Tier2’ is flooded and thus it can be forwarded from a node to its subsequent
neighbor clockwise. In this case, the node with the pivot key ‘Germany’ is reached at first. The
specific node forwards the query to the node responsible for the root index as implied by the
described optimization. Eventually, the node with the root index sends the flooding query only

to the node responsible for the non-visited pivot key ‘Spain’.
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3.5 Re-indexing Operation

A major goal of the described system is to dynamically adapt on a per node basis to online
queries, so as to increase the ratio of the non-flooded queries. In order to achieve this goal, two re-
indexing operations regarding the selection of pivot level are introduced: Roll-up towards more

general levels of the concept hierarchy and drill-down to levels lower than the pivot level.

The idea behind individual re-indexing of stored tuples is based on the fact that each node
has a global view of all the queries directed towards a value above the pivot level, but only a view
of the queries directed towards only to its values for the levels below the pivot level. Therefore,
it has sufficient information to decide if a drill-down will favor the increase of the exact match
queries for its values. On the other hand, a node has to cooperate with other peers that store a

value of a level ¢; < pivotlevel in order to decide if this level is more appropriate.

The re-indexing of the data tuples (through a choice of a different pivot level) is performed
on a per-tree basis, requiring no global coordination. Each node collects information using the
incoming queries and finds out if the pivot level of a tree remains its most popular level. Other-
wise, the node proceeds with the re-indexing of the tuples of this tree. The popularity of the levels
of a tree is estimated based on their average rates of incoming queries (hence /nQ) over a time
period. A node maintains one record per tree with these rates during a restricted time-frame W.
This parameter should be properly selected to perceive variations of query distributions and, at

the same time, stay immune to instant surges in load.

In more detail, the mechanism works as follows: A node may check if a re-indexing is required
based on the objective to achieve. The implemented strategy implies that a node decides whether
a roll-up or drill-down is required when it answers a flooded query or when a number of queries
for indexed values have been received. While the main objective is the increase of the queries

answered without flooding, this strategy targets to the increase of exact match queries as well.

The number of queries for indexed values triggering a node to examine a possible re-indexing
may vary and has an impact to the adaptiveness of the system. A small value indicates that the
potential of re-indexing is examined more often and thus more re-indexing operations may take
place. Nevertheless, if a decision has erroneously been made, it can be easily corrected. However,
during re-indexing operations, existing indices are deleted and this may have a negative impact
on the system. In the opposite case, the system tends to depend more on the effectiveness of
the indices. It has been observed that re-indexing operations are necessary, when popular values
belong to levels with several distinct values. Indices perform better for higher levels with less

values, since there is a high probability for repeated utilization of an index.

A node decides if a re-indexing operation will favor the increase of non-flooded queries based

on the ‘popularity’ of each level following the procedure described in basic steps in Algorithm Il



52 Chapter 3. Adaptive Methods for Distributing and Searching Concept Hierarchies

Algorithm 1 Decision Algorithm in the node answering a query

pivotlevel: current pivot level
{;: the queried level of the flooded or indexed value
NotPivotKey: the flooded or indexed value
InQy: rate of incoming queries for the tree with NotPivotKey
InQjy;: initial minimum rate to allow re-index operations
InQ,,: rate of incoming queries for the most popular level
action: the decided action
Lyop < FindMostPopularLevel
if £; > pivotlevel then
if (InQtor > InQjni) AND (€pop > pivotlevel) AND (InQg,,,
Drill-down to lyg,
action < NoAction
else if NotPivotKey is NOT indexed then
action < Createlndex
else
action < NoAction
end if
else if {; < pivotlevel then
if (InQyor > InQini) AND (£; = y0p) AND
(Ianq > thr X InQy,) then
action < PositiveToRollup
else if NotPivotKey is NOT indexed then
action < Createlndex
else
action < NoAction
end if
end if

> thr X InQyyt) then

A thr parameter is used to indicate if a re-indexing operation is required. The following criterion
defines if a re-indexing to a level ¢ is allowed:
i=L-1

InQg, > thr X Z InQq,, €; # pivotlevel, thr € [0,1]
i=0

In the described algorithm, two possible cases are considered to indicate the necessity of a
re-indexing operation: The queried level £, lies lower in the hierarchy than the pivot level
of the tree (£; > pivotlevel). Only one tree stores the values of a level below the pivot level.
Therefore, the specific node is aware of the exact popularity of these values and feels ‘confident’
to decide if a drill-down is needed. If the most popular level £y, of the tree lies below the pivot
level and the defined criterion is valid for its InQ, then a drill-down to this level is decided. After

the decision for drill-down is made, the node finds all the distinct values of the new pivot level



3.5. Re-indexing Operation 53

Algorithm 2 Decision Algorithm in the querying node

l;: the queried level of the flooded or indexed value
NotPivotKey: the flooded or indexed value
action: the required action by involved nodes {action = PositiveToRollup if at least one node
is possitive to roll-up}
if action = PositiveToRollup then
Gather statistic information
Calculate InQ for each level
Uyop & FindMostPopularLevel
MaxPivotLevel < FindMaxPivotLevel
if (€5 = {pop) AND (InQy,,, > thr X InQor) then
Roll-up to
else if ({,,p > MaxPivotLevel) AND (IanW > thr X InQy,t) then
Group-Drill-down to £
else if NotPivotKey is NOT indexed then
Create Index for NotPivotKey
end if
else if action = Createlndex then
Create Index for NotPivotKey
end if

and hashes them one by one, sending the new groups of tuples to the corresponding nodes. The
already gathered statistic information is sent along with one randomly selected group, in order to
maintain information about the query distribution for the values contained in the drilled-down
tree within W. Any existing indices for any value of this tree are removed. If a drill-down is not
needed, the node includes in its answer to the initiator the fact that the queried level is lower
than the pivot level, hence it can carry on with the creation of the soft-state index and expedite
the process.

The queried level £, lies higher that the pivot level of the tree ({; < pivotlevel). In this case,
there are more than one trees with this value needed to participate in a possible roll-up to this
level. Otherwise, lookups for this value will not return complete results. If the threshold criterion
is satisfied for the £;, then the node is positive to the potential of adopting this level as pivot level
for this tree. This step is indicative of an imbalance and the query initiator is informed about this.
The query initiator decides for a re-indexing operation according to the procedure described in
Algorithm [. If the query initiator is aware of at least one node willing to roll-up to this level, it
starts a procedure to confirm the local intuition by using statistic information provided by all the
nodes having answered the query. After receiving the tuples containing the number of InQ per
level, it calculates the total value of InQ per level.

The calculation of the total InQ per level is not straightforward. Queries concerning an ¢; for

any ¢; > pivotlevel end up only in one node and are thus counted once for statistic purposes.
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The same property is not valid for queries requiring values of higher levels than the pivot level.
These queries reach more than one node and are counted in all of them. During the gathering
of statistic information for roll-up decisions, the problem of multiple counting of such queries
in the calculation of the InQ for each level needs to be solved. The complexity in the calculation
of the overall InQ increases since more than one pivot levels may exist for the involved trees in
the re-indexing procedure. For example, let us assume that the state of trees with the ‘biomed’ as
their root key is the one shown in Figure B.7(b). In this case, the value of InQ for Tier2’ is sent
twice by the nodes with the trees of ‘Tier2’. To avoid this situation, a path containing the values
for all levels in [0, pivotlevel] is sent along the statistic information to the querying node, so as
to make the correct decision. Through this procedure, the querying node is also informed for
the MinPivotLevel and MaxPivotLevel of all existing trees containing the queried value (hence
NotPivotKey).

If the InQ of £, is more than thr of the total number of InQ, then the initiator messages the
involved nodes to roll-up the corresponding trees to this level by re-inserting their tuples. If the
re-indexing criterion for [, is not fulfilled and since statistic information has been collected, the
querying node examines if a drill-down to a level ¢; > MaxPivotLevel (the equality is for the case
that all the involved trees do not have the same pivot level but some of them are already in the
MaxPivotLevel) is dictated by the collected statistics. The intention is to take advantage of the
fact that the querying node has now a more global view of the InQ per level. It is possible to find
a level {; > MaxPivotLevel to be the most popular but this tendency not to appear in the partial
views of the involved nodes. In this case, the query initiator informs the involved nodes that a
drill-down to this level is needed. This procedure is called Group-Drill-down, since more than
one nodes participate in the drill-down. All the trees with the queried value in £; drill-down to
the new pivot level. If the new pivot level is equal to the MaxPivotLevel, the trees already in the
MaxPivotLevel do not perform any action. If a re-indexing operation is not needed, no action is
taken other than the creation of a soft-state index for this value.

Lock mechanisms are activated during the time that a re-indexing decision is being made.
The purpose of this locking is to avoid examining the same re-indexing possibility multiple times
for concurrent lookups on specific trees. Locks are revoked after the completion of an ongoing
procedure or after a short period of time. The steps described in Algorithms [ and P are per-
formed, only if the corresponding locks are inactive. Otherwise the described procedures are not
performed and only the query is answered.

Examples of the described re-indexing operations are applied in the trees of Figure B.7 with
root value biomed’. The two trees of FigureB.7(a) are stored in different nodes of the DHT overlay
and are considered the initial state before any re-indexing operation. It is supposed that a query
for ‘Spain’ triggers a drill-down operation. The result is shown in Figure B.7(b). On the other

hand, a query for biomed’ may result in a roll-up to the root level depicted in Figure B.7(c) or
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Figure 3.7: Examples of drill-down and roll-up operations
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a Group-Drill-down to the Region level depending on the total InQ per level. The Group-Drill-
down results to the trees of Figure B.7(d) and differs from the simple drill-down, since all the
trees drill-down to £s.

3.5.1 Updates

An update is the procedure followed during the insertion of a tuple, when its root key already
exists in the overlay. The update procedure comprises of two consecutive phases: the insertion of
the tuple and the updating of any existing indices for the values of the tuple. The insertion phase
presents minor differences compared to the insert procedure.

The updates of the existing datasets is a more complicated procedure. During the insertion
of new tuples, it is critical to select the correct pivot level so as to ensure the correctness of the
lookup operations. The selection of the pivot level is not simple, since the pivot levels of the stored
trees of a specific root key may vary due to performed re-indexing operations.

The following assumptions are made:

+ If a new tuple contains a pivot key, then this key should be used during insertion. Other-

wise, lookups for this value will return only the tuples, that existed before this operation.

« Even if none of the values belonging to the specific tuple have been used as pivot keys,
they may have already been stored in the network. The selection of such a value as pivot
key would result in the discovery of the new tuple only in a later search. Therefore, it is
considered that the pivot level be equal to the MaxPivotLevel in this case. Re-indexing

operations would take over to find the most appropriate pivot level of this tuple.

The difficulty of updates increases because the information about the stored pivot values and the
MaxPivotLevel is distributed over the overlay. A distributed catalogue has been implemented by
creating an index among the node responsible for the root key and the nodes with the pivot keys,
namely a record with the root key and the corresponding pivot keys. This enhancement allows
online updates with the system continuing to efficiently serve requests of the users.

During a new tuple insertion, a lookup operation for the root key is performed. The respon-
sible node is contacted and it finds out if any value of the tuple corresponds to a pivot key. In
this case, the tuple is stored to the responsible node for the pivot key and its new values below
the pivot level are added as a new branch to the existing tree. In the opposite case, the hashed
value of the MaxPivotLevel is considered as the pivot key of this tuple during its insertion in the
overlay. The existence of trees with equal values above the pivot level is not excluded by this as-
sumption and neither is the existence of corresponding indices. These indices should be updated

so as indexed lookups to return complete answers. The node storing the tuple initiates lookups
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for each ¢; which lies among the the root level and the pivot level (0 < ¢; < pivotlevel) and the

corresponding indices are informed about the new tuple.

Examples for the possible cases during an update are depicted in Figure B.§. The node hold-
ing the index for the root key biomed’ concludes that the none value of the tuple ‘(biomed, Tier2,
Sweden, SWsitel)” corresponds to an existing pivot key. Moreover, it is aware that the MaxPiv-
otLevel for its trees is the Region and thus the tuple is inserted with ‘Sweden’ as its pivot key.
The new pivot key is also added in the list of pivot keys for this root key. However, the value
‘Tier2’ is already indexed. During lookup for the value Tier2” according the update procedure,
the responsible node is discovered and a new index among this node and the node with actual
data is created. During the update for tuple (biomed, Tier2,Spain,SPsite2)’, the node with ‘biomed’
index proceeds in the insertion of tuple with ‘Spain’ as pivot key, resulting to the creation of a
new branch in the existing tree. The indexed value “Tier2’ is not affected and no further action is

taken.

1. Update with Tuple (biomed,Tier2,Sweden, SWsite1)

2. Update with Tuple (biomed,Tier2,Spain, SPsite2)
Index from
biomed to pivot

keys (Germany, Tier3
Spain, —” SEE
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HGsitel
Index from
‘e? to (SEE)
biomed
SPsitel SPsite2 Tier 2
biomed ) Germany
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Index from Tier2 to (Spain,

SWsitel Germany, Sweden)

Figure 3.8: Updates for an already existing and a non-existing pivot key

3.6 Discussion

In this section, some aspects of the system related to its parameters as well as optimization

issues are discussed.
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3.6.1 Memory Requirements

The architecture of the proposed system requires the storage of additional information for
the implementation of the proposed algorithms. In more detail, each node in the overlay may,

relative to the hashing function as well as the query workload, store the following:

+ Data: The inserted data are considered as tuples containing a value for each level of the
hierarchy and the corresponding described fact value(s). When a tuple arrives to the node
responsible for its pivot key, it is inserted in a tree-structure containing the specific pivot
key, so as to avoid the storage of duplicate values for levels above the pivotlevel and facil-
itate the search procedures during lookups. For each stored tree, at least one tuple with L

numerical values for statistic purposes is maintained, one per level of the hierarchy.

+ Root Indices: Each time that a different root key is inserted in the overlay, indices are cre-
ated towards its pivot keys. Moreover, when a new key is inserted for an existing root key,

the corresponding index is added.

« Soft-state indices: The flooded queries result in the creation of soft-state indices, which are
utilized for faster resolution of future queries. The maximum number of allowed indices is

defined for each node through the I, parameter. The required space for soft-state indices
is Oamax)-

3.6.2 Parameter Selection

The introduction of various parameters in the proposed system influences its performance
relative to their values. The threshold value (¢4r) plays an important role to the number of the per-
formed reindexing operations. On one hand, a large threshold allows less reindexing operations
and therefore increases the utilization of the soft-state indices. This case favors query workloads
where the upper levels of the hierarchy are at most queried while the number of different values
is limited. Thus, the probability of duplicate queries being issued is larger. On the other hand,
a smaller thr value results in more frequent reindexing operations depicting the changes in the
query trends. In general, the drawback of more roll-up and drill-down operations is the band-
width consumption for the movement of the involved tuples and the invalidation of the existing
soft-state indices. However, these operations are highly effective, when the values of the lower
levels of the hierarchy are more popular. In this case, the contribution of indices to the perfor-
mance of the system is not adequate. Therefore, lower values of the thr parameter are required for
query workloads directed mainly towards lower levels of the hierarchy and targeting numerous

different values.
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Soft-state indices help the system improve its performance. Nevertheless, the maintenance
of index consistency may be problematic in a dynamic system that adapts according to user pref-
erences. For this reason, the TTL parameter is introduced: Indices which have not been used for
a period larger than TTL, are not considered as useful and removed. This constraint ensures that
changes in the system (e.g., data location, node departures, etc) will not result in stale indices,
affecting the validity of the lookup mechanism. The amount of indices can be also calibrated
according to the system capabilities. While memory becomes a cheaper commodity by the day,
the plain size of data discourages an “infinite” memory allocation for indices. Therefore, after the
number of indices has reached a limit I,;;;y, the creation of a new index results in the deletion
of the oldest one. If an indexed value occupies more than one index, then all of them are erased
for consistency reasons. Calibrating I,y for performance without increasing it uncontrollably
entails knowledge of the stored data (e.g., how skewed each hierarchy is). Overall, the system
tends to preserve the most useful” indices, namely the ones directed towards the most frequently
queried data items.

The window parameter W represents the number of previous statistics maintained by each
node for the calculation of average rates of incoming queries. A large value of W will fail to
perceive load variations, whereas a very small will have a negative impact, since the average rate
of incoming queries will not be adequate to lead to re-indexing decisions or may lead to erroneous
ones. In order to estimate its value, W = O(1/A) is set, i.e., the size of the window is connected

with the query interval. The more frequent the requests, the smaller W can be and vice-versa.

3.6.3 Consistency

Another aspect to be considered is the various strategies to follow, so as to ensure data con-
sistency during the various operations. In a highly dynamic environment, as the one described,
where updates and re-indexing operations occur online, special care should be given to ensure
the consistency of data during these operations, against some additional communication and
maintenance cost. A remarkable point regarding consistency issues is the validity of root indices
for the correct execution of updates. The root keys should be constantly aware of all the existing
pivot keys and confirm their existence after a period. Therefore, it is advisable that root keys issue
periodical messages to verify the validity of the information about their pivot keys.

Moreover, it is also important to ensure the participation of all relative trees in the roll-up and
drill-down operations and the effectiveness of the locking mechanisms during re-indexing, so as
consequent lookups on the re-indexed data to return complete results. During these operations,
it can be observed that lookups fail to return complete results due to the movement of data.
In order to face this miss, the data are cached at the initial nodes as well, until the re-indexing

procedure is completed. Once the tuples are re-inserted and the root key completes the updates
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of its indices towards the new pivot keys, the old trees are removed from their predecessor nodes
after the expiration of a TTL. Lookups for values being re-indexed are also delayed to a node that
receives the re-indexed data until the completion of the transaction. The root key aware of the
ongoing operations on its data, is also responsible to forward a non-exact match query either to
the nodes initially responsible for the data or the newly-responsible ones. The creation of soft-
state indices for any value included in the involved trees is not allowed during the re-indexing
period.

Finally, special care is taken during the creation of the soft-state indices to avoid stale in-
dices. Apart from the TTL restriction, indices encountering any problem during their creation

are removed.

3.7 Experimental Results

3.7.1 Simulation Setup

A comprehensive simulation-based evaluation of the proposed scheme is now presented. The
performance results are based on a heavily modified version of the FreePastry simulator [Fre],
although any DHT implementation could be used as a substrate. By default, a network size of
256 nodes is assumed, all of which are randomly chosen to insert tuples and to initiate queries.

In the most part of the simulations, synthetically generated data are used. The inserted data is
a tree with each value having at most one parent. Each distinct value of {; has a constant number
of children in £; ;. By default, the data comprise of 100k tuples, organized in a 4-level hierarchy
(see Figure B.7) with one numerical fact (e.g., CPU_time). The number of distinct values per level
are |[€op = 100|, [€; = 1000], |€2 = 10000| and |[€5 = 100000|. The level of insertion is, by default,
€1, unless stated otherwise.

For the query workloads used in the experiments, a two-stage approach is considered:at first
the level that the query will target according to the levelDist distribution is identified; the re-
quested value is then chosen from that level following the valueDist distribution. In the following
experiments, the Zipfian (p; ~ 1/i%) distribution for levelDist is used, while a bias is expressed

inside each level using the uniform, 80/20, 90/10 and 99/1 distributions for valueDist.
query

time_unit’
simulation time. The results for queries on a single dimension with multiple levels of hierarchy

in almost 50k time units total

Generated queries are issued at an average rate of 1

are presented. The default thr value is set to 0.3, which is a large enough value to avoid very
frequent re-indexing attempts. Simulations with different values of ¢4r around this default show
small qualitative difference. The default value of W, which controls how quickly the system can
adapt to changes, is set to 1000 time units. Finally, a practically infinite value of T7L (indices

never expire) is assumed.
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In this section, it is mainly intended to demonstrate the performance and adaptability of the
proposed system under various conditions. The goal is to show that the system proves highly
efficient under a variety of data and load distributions and can quickly adapt to sudden changes
in skew without any modification to the default parameters. Specifically, the percentage of queries

which are answered without flooding (precision) is mainly measured.

3.7.2 Performance Under Different Levels of Skew

In the first set of experiments the behavior of the proposed system is identified under a variety
of query loads. Specifically, the number of queries directed to each level are varied by increasing
the O parameter in the levelDist distribution. For each value of 0, values inside each level using
four different distributions are chosen.

In Figure B.9, queries are skewed towards €. As 0 increases for levelDist, the performance of
the described method improves: Re-indexing is performed sooner as more queries take place and
the exact matches due to the chosen pivot level increase. By increasing the skew for valueDist,
remarkably high precision rates (close to 100%) are observed, because both the ratio of popular
queries and the density of queries for certain tuples increase. Another point that plays a big role
is the limited number of distinct values of £y. Obviously this is quite small compared to the last
level, thus enabling soft-indexing and faster re-indexing. For a set O value, the method performs
justifiably better as the distribution becomes more skewed: More queries exist for fewer distinct
values. Finally, it is noticed that the larger the O value, the smaller the difference in precision

among the different valueDist distributions.
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Figure 3.9: Precision when skew directed towards €

Figure B.I( shows results where the query load favors €3. Again, it is noticed a similar trend in

performance as valueDist becomes more biased and the proposed method shows high precision
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values, albeit reduced compared to the previous case. It is shown that the precision for the same
valueDist dis tribution decreases as 0 increases: This is due to the fact that €3 has a considerably
larger number of values. By increasing the number of queries for those values, it is increased
(relative to the choice of valueDist of course) the probability of queries to non-indexed values.

Nevertheless, the decrease is smaller as valueDist becomes more skewed.

Precision (%)

Uniform 1.0 20 30
theta

Figure 3.10: Precision when skew directed towards {3

3.7.3 Testing against Multiple Bias Points

In the next experiment, the proposed method is tested against a more challenging type of
workload (MULTI): While different levels receive an equal number of queries, nevertheless a
different part of a data tree from each level is targeted. Specifically, all levels are divided in quarters
and target (using different values of valueDist) one quarter per level so that no quarter is related
with any other in the data tree. This is a very challenging workload, as it forces the method to store
different data at different levels of granularity. Table B.I] summarizes the results, where besides
the precision, the cost in number of re-indexed tuples as well as the number of total roll-up and
drill-down operations are documented.

The proposed technique proves extremely efficient in all four workloads, achieving very high
precision (between 92% and 100%) at low cost: The largest number of operations occur when
it is uniformly queried the different values in which case 75% of the tuples are re-hashed and
re-inserted from re-indexing operations. As the valueDist becomes more biased, the number of
re-indexing calls decreases. This clearly demonstrates that the proposed method adjusts its oper-
ation according to the need: The number of trees being re-indexed is proportional to the number
of unique trees that are popular. This is a highly desirable property since for most applications

both dynamic and highly skewed loads are anticipated.



3.7. Experimental Results 63

Table 3.1: Performance comparison for the MULTI workload over different values of valueDist

valueDist || precision|#roll-ups|#rolled-up | #drill-downs|re-inserts
(%) trees (%)
uniform 92.0 25 250 500 75
80/20 94.3 25 250 171 42
90/10 95.2 25 250 51 30
99/1 99.5 1 10 6 1.6

3.7.4 Performance in Dynamic Environments

The adaptiveness and performance of the proposed system in a dynamic environment is ex-
amined by this set of experiments. The query distribution encloses a sudden change in skewness
from level £y towards €3 and vice versa in the middle of the simulated queries.

Figure B.I1] demonstrates the behavior of the system when the query load shifts from ¢y to-
wards ¢€3. The results show that, in all cases, the system increases its precision due to the combina-
tion of re-indexing operations and soft-state indices and the majority of questions are answered
by exact match lookups. The precision reaches over 90% for 6 = 2.0 and over 80% for 6 = 1.0
before the change in skew. In the transitional stage, the flooding of the queries increases but the
system rapidly manages to recover and regain its performance characteristics (after at most 5%
of the queries). The steep decrease in precision happens at the exact time of the shift in the work-
load: A much larger number of distinct values belong to £3, thus the existence of useful indices is
less probable. The contribution of soft-state indices is not sufficient to handle the query load until
drill-down operations take place. In this stage, the larger the value of 0, the larger the decrease
in precision and the faster the recovery: As it is shown in Figure B.12, where the query loads for
valueDist 90/10 are considered, both exact match and indexed lookups are fewer for 6 = 2.0.
This happens because queries are more skewed towards {3 and benefit even less from the al-
ready rolled-up trees. However, as O increases, drill-down decisions are taken faster, favoring
the increase of the exact match queries that answer the majority of the requests.

The precision of the algorithm is tested against a sudden shift from €3 to £ for various work-
loads and displayed in Figure B.I3. During the steady stages of the simulation, similar trends to
the ones of one directional skew are observed and the system presents high performance over
80% for all workloads. As the valueDist becomes more biased, higher precision is accomplished,
since the number of popular values shrinks and drill-down operations are performed faster in-
creasing the adaptiveness of the system. After the change in the direction of skew, less queries are
flooded for the O = 2.0 workloads (behavior that contrasts to the previous experiment). Figure

B.14 demonstrates a more comprehensive view of the system after the change in skew. Indices
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Figure 3.12: Precision (split in exact and in-
dexed queries) over time for valueDist 90/10,
when skew is directed from €y to {3

take over to serve lookups immediately. Due to the smaller number of distinct values in higher

levels, indices perform well. However, the consecutive roll-ups destroy the existing indices and

the performance of the system is influenced negatively. The system regains its performance by

the rapid increase in the exact lookups.

The comparison of results among the two shifts of the workload reveals that the soft-state

indices are capable to preserve the high precision of the system in case of a skew towards higher

levels due to the limited number of different values. On the contrary, the adaptiveness of the

system significantly depends on the re-indexing operations, when lower levels of the hierarchy

are the most popular. Nevertheless, in both cases, the system needs bounded time to reorganize

its indexing mechanism and achieve high performance.
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Figure 3.15: Total number of tree nodes over time for workloads skewed towards ly and l3 and valueDist
90/10 and MULTI workloads with uniform and 90/10 valueDist

3.7.5 Storage Load for Different Number of Nodes

The inserted tuples in the system are stored in tree structures with the same pivot key to avoid
the storage of redundant information for values above the pivot level. However, these values may
exist in more than one trees stored in different nodes of the overlay depending on the selected
pivot level. The total number of tree nodes receives its minimum value, when the root level is
chosen as pivotlevel and the maximum number, when the lowest level of the hierarchy is the
pivotlevel of all trees (111K and 400K nodes respectively for the inserted dataset). Each node
of the tree (hence tree node) represents the value of a tuple for this level. The total number of
tree nodes during the simulation time is presented in FigureB.I5. The increase in the number of
tree nodes indicates that drill-down operations take place, while a decrease depicts the effects of
roll-up operations. Thus, the total number of tree nodes over time demonstrates the evolution
of executed re-indexing operations. Queries directed towards €3 for 0 = 1.0 lead the system to
reinsert its tuples slowly to lower levels of the hierarchy, which tend to be the most popular. Since
the difference in the popularity amongst the levels is not excessive, the drill-down operations
happen during the whole time of the simulation. In case of the respective workload for 6 = 3.0,
the increase of tree nodes is steeper and it is completed during a short period at the initial stages of
the simulation. The most popular trees re-insert their tuples to lower levels quickly and no major
variations are noticed during the rest of the simulation time. The workloads directed towards
{y cause no significant variations in the total number of tree nodes. In both cases of levelDist
for these workloads, the number of tree nodes is preserved close to its initial value, since the
total tree nodes with ¢; as pivot level does not differ notably compared to the tree nodes with

{o as pivot level. Finally, a comment about the MULTI workloads follows, where roll-up and
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drill-down operations coexist. When the queries target the values uniformly inside the levels,
the re-insertion of tuples continues for a longer period and for a larger number of tuples than
in the respective workload with valueDist 90/10. The popularity of levels changes for different
group of trees in the MULTI workloads and thus the insertion of tuples to the most appropriate

level occurs in a more concurrent way than in the workloads skewed towards 3 for 6 = 1.0.

The total number of soft-state indices in the system appears in Figure B.18. The creation
of soft-state indices is influenced by the evolution of re-indexing operations. According to the
described strategy, a soft-state index follows the flooding of a query as a supplemental solution to
the adaptiveness of the pivot level. Therefore, the steep inclination in the curves of the workloads
directed towards €3 is justified considering the fact that the number of different values in the
lower levels is larger than in the upper levels. In the workloads with higher levels being more
popular, the increase of indices occurs at a lower rate. The efficiency of the re-indexing operations
becomes more evident in the case of the MULTI workload following a uniform distribution inside
the level. New indices are temporarily created, which are removed as soon as roll-up and drill-

down operations take over and the system adapts to the trends of the incoming queries.
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Figure 3.16: Total number of soft-state indices over time for workloads skewed towards €y and {5 and
valueDist 90/10 and MULTI workloads with uniform and 90/10 valueDist

The different objects stored in the nodes of the overlay can be divided in the following cate-
gories: the tree structures storing the values of the selected hierarchy, the root indices which are
created during the insertion of a new root value and are aware of their pivot keys, the soft-state
indices and the statistical information maintained for the re-indexing decisions. The experimen-
tal results of Figures B.I17]-B.19 demonstrate the average number of these objects per node or the
items that determine their volume. These values are the average results during the whole simu-

lation time, derived by the measurements in regular periods. Thus, they incorporate the various
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changes caused by the roll-up and drill-down operations. The MULTI workload with uniform
distribution and the skewed workload towards £3 with & = 1.0 have the maximum number of
tree nodes, which conforms to the results of Figure B.15, where the curves of these workloads
reach the highest values. It should be noticed that the presented values for the MULTI work-
load is the maximum observed values for this type of workload, since the uniform valueDist is
studied. Therefore, all the trees of the dataset re-insert their tuples to the appropriate level. If the
distribution of queries alters to 90/10, then the average number of tree nodes decreases signifi-
cantly. The average number of tree nodes for the workload skewed towards ¢ remains low. The
average number of pivot keys (see Figure B.18) behaves in analogous manner to the tree nodes
for all the workloads. The number of pivot keys is correlated to the stored statistic information
and the number of root indices. For each pivot key, a tuple with L levels is maintained. Moreover,
if the average rate of incoming queries is calculated with the method of a sliding window with
n slots, the number of maintained tuples should be multiplied with this factor. The number of
existing keys also equals to the number of root indices, since a separate index is maintained for

each pivot key.

The evaluation of the average number of indices is shown in Figure B.19 and verifies the fact
that the more effective the re-indexing operations are, less indices are created. The MULTI work-
load requires the less indices, since the trees adapt their pivot levels appropriately. The average
number of soft-state indices is larger for workloads skewed towards €3, and this is a result of
various factors. Many trees perform drill-down operations to lower levels of the hierarchy and
the tuples are more dispersed among the nodes of the overlay, and thus an indexed value occupy

more indices. Moreover, the number of distinct values is larger and increases the probability of
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Figure 3.18: Average number of pivot keys per node

a non-indexed value to be queried followed by the creation of a new index. The opposite conclu-

sions are valid for the workloads directed towards €.
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Figure 3.19: Average number of soft-state indices per node

The precision of the system is stable independently of the number of nodes participating in
the overlay, with an average 1% deviation. Moreover, the number of nodes does not influence the
total number of pivot keys and tree nodes, since these values depend mainly on the distribution
of the query workload. The number of soft-state indices is affected by the number of nodes in the
overlay: less nodes increase the probability of more than one tree containing the same indexed

value to be located in the same node and thus only one index to be created. The distribution of
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these objects among the nodes is better as the number of nodes increases. According to the ex-
posed results, when more nodes participate in the overlay, each node is responsible for a smaller

average number of items.

3.7.6 Effect of the I,,,, Parameter

The I,,5x parameter is configured on a per node basis and defines the maximum number
of soft-state indices that a node may store. The creation of a new index results in the removal
of 'oldest’ ones, namely the ones not utilized for the longest time, if I,y is exceeded. The idea
behind this strategy: if the indices to be removed were useful, then they would have been renewed.

Otherwise, their removal would not have a negative impact in the performance of the system.
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Figure 3.20: Precision for various UNI workloads

The 1,5 value has a varying impact on the performance of the system depending on the
type of the workloads. The utilization of the indices increases when the query workload does
not indicate to the system an evident direction for a re-indexing operation, namely in case that
more than one levels are almost equally popular. The more uniform the distribution of queries,
the more indices are created.

Figure B.20 shows the achieved precision for various 6, when the skew is directed towards
¢y and {3 respectively and the queries target uniformly the values inside a level. The workload
directed towards the root level does not seem to be affected by the I, variation, even though
the valueDist is uniform, which is the most demanding case for indices. This is explained by the
permanent existence of the root indices, which are not taken into account during the calculation
of the I, value. Moreover, the possible values to be queried become fewer in the higher levels

of the hierarchy and therefore less storage space is required for the creation of soft-state indices.
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In the opposite case of query workloads directed towards €3, the increase of the I, value may
influence the precision by almost 10%, especially in the case of 6 = 1.0, where values from
almost all levels are queried and the re-indexing operations are not adequate to cover the demand
of values in all levels. The MULTI workload is a test case for the system, where the proposed
re-indexing algorithms favor its performance at most. The re-indexing decisions depict clearly
the query trends and the precision is based on the correction of the pivot level. Therefore, the

variation in the value of the I;,;, does not affect the achieved precision.

3.7.7 Performance for Hierarchies with Different Number of Levels

The number of levels may influence the precision of the system as well. The reason is twofold.
More levels lead to more possible candidates for a re-indexing decision and increase the proba-
bility that queries are resolved with the use of soft-state indices or flooding. In this experiment,
4-level, 6-level and 8-level hierarchies were used. The number of inserted tuples remained 100k
and the default insertion level is €1. In order to maintain the number of total tuples stable, the
widths of the trees in each level were narrowed down. The distribution of the query workload,
which includes around 50k queries, is generated using 6 = 1.0 for levelDist and a biased 90/10
distribution for valueDist. The presented results refer to query workloads skewed towards the

highest and the lowest levels of the hierarchy.

Table 3.2: Precision for different number of hierarchy levels

Levels || towards Iy || towards I3
(%) (%)
4 86 91
6 80 77
8 78 77

Table B.2 depicts the achieved precision for each one of the described workloads. The in-
crease in the number of levels results in a decrease in the precision for both type of workloads,
as expected. A significant reduction in the number of roll-up operations can be noticed for the
experimental results in the query workloads directed towards €y, as well as a decrease in the drill-
down decisions for the query workloads directed towards £3. Moreover, in both cases a trend of
increased re-indexing operations in the opposite direction of the skewness of the workloads ap-
peared. This behavior is justified by the fact that more levels exist and the re-indexing decisions
may be more ambiguous requiring corrective re-indexing operations, so as the system to adapt in
the incoming queries. It has been also observed that the number of queries answered with soft-

state indices increase, especially for workloads directed towards £y. Moreover, the difference in
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Figure 3.21: Precision over time for the APB workload for different initial pivot levels

the achieved precision is more remarkable for the opposite direction of skew. The number of lim-
ited distinct values in the upper levels favor the re-usability of indices. As shown in the results of

Table B.2, the decrease in the precision is less, when the skewness is towards €.

3.7.8 Performance for Dataset of the APB Benchmark

The adaptiveness of the system is also tested using another category of realistic data. For
this reason, query sets by the APB-1 benchmark [apb] were generated. APB-1 creates a database
structure with multiple dimensions and generates a set of business operations reflecting basic
functionality of OLAP applications. For the executed experiments, the product dimension is uti-
lized, a steep hierarchy of 6 levels (the bottom level contains 90% of the members). In more detail,
the number of distinct values per level are [{y = 50|, €1 = 150|,|£2 = 800, |¢5 = 3050|, {4 =
6950| and |5 = 93050]. Another characteristic of the specific dataset is that the number of
children per node is not constant, as in the synthetically generated datasets of the previous ex-
periments. The query load is skewed towards the lower levels of the hierarchy and 75% of queries

refer to values of the €4 and 5.

The results are depicted in Figure .21, where the precision over time for various initial levels
of insertion is shown. It is remarkable that the system adapts to the query load and presents
similar performance despite the selection of the level used as pivot level during initial insertions,
thus the re-indexing operations, mainly drill-down operations towards €4 and {5 and soft-state

indices, serve to the incremental precision, which reaches values near 100%.
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3.7.9 Updates

In order to measure the cost of incrementally updating the dataset used in the experiments, it
was randomly selected the 90% of the tuples, executed each of the described query workloads in
B.7.2 and finally updated the dataset by inserting the remaining 10% of the tuples. It is noted here
that the workload plays an important role in the update process as it affects the indexing levels
of the stored tuples and, therefore, the update cost (as tuples may have common attributes with
existing ones). The cost in messages for storing each of the initial tuples is one lookup message so
as to locate the root key and one insertion message to store the tuple. Further lookup messages
are not needed, since no other indices than the ones among the root keys and corresponding
pivot keys have been created yet. The selected pivot level for the initial tuples is, by default, £;.
The conducted experiments regard the update cost in terms of additional lookups operations to
inform existing indices about the appearance of the new tuples. In these set of experiments, we
modified the inserted dataset. Table B.3 contains the average number of lookups per insertion for
updating the soft-state indices. This cost can be considered as negligible when the skew is towards
high levels of the hierarchy. The maximum documented cost for skewed workloads towards €3
and uniform valueDist is close to 2. The less skewed the distribution the bigger the possibility
of soft-index existence in levels other than the popular one. As skew increases, this cost also

diminishes.

Table 3.3: Number of average lookups for updating indices per insertion for different values of valueDist

Skew towards € Skew towards {3
valueDist
6=10160=201]6=10|606=20
uniform ~0 ~0 1.99 1.98
80/20 0.01 > 1.8 1.16
90/10 0.14 ~ 0.39 0.25
99/1 =0 =0 0.01 0.02

3.7.10 Other Experimental Results

In this section, other conducted experiments are briefly described. An experiment by varying
the number of concurrent queries per time unit for the presented workloads was executed. In this
experiment, the queries of the initial workloads of Section are divided into group of queries.
Each group was posed to the system in the start of the time unit. The experimental results for

workloads skewed towards £ and €3 are shown in Figure B.22. The measured precision presents
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Figure 3.22: Precision for concurrent queries for valueDist 90/10

negligible variation, thus showing that the performance of the system remains consistently high
while the system scales to a considerable number of concurrent users.

Moreover, experiments conducted with up to 1K nodes showed little qualitative difference.
Simulation results for different values of threshold showed that the fluctuation of the precision
for 0,2 < thr < 0,4 is at most 2%. For values thr > 0,5 and uniform workloads, the fluctuation
reaches 10%. For thr < 0, 3, the initial number of queries to allow re-indexing should increase
in order to avoid redundant operations. Experiments for various data distributions with differ-
ent number of distinct values per level showed no qualitative differences. Another important
observation is that by varying the default pivot level the steady-state performance of the pro-
posed algorithm is not affected, since the re-indexing operations and soft-state indices provide

the appropriate, adapted indexing structures.
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3.8 A Distributed Grid Information System

A motivating scenario for the usefulness of the proposed system can be found in the col-
lection of information produced by information services in Grid environments. Grid computing
resources and services advertise a large amount of data, which are used by various users across
multiple administrative domains. This information is not intended only for event handling, as
in traditional monitoring systems for networks and cluster computing. The produced informa-
tion by various mechanisms such as cluster monitors (Ganglia [Gan], Hawkey [Hawi]), services
(GRAM, RLS [glo]), queuing systems, etc, is organized and provided to various applications, such
as accounting systems, schedulers, portals, etc. For this reason, the key to the design of Grid In-
formation Services is to identify the information that is required and to determine how to best

make it available.

In todays Grid Monitoring Architectures (MDS, R-GMA), data concerning the state of the in-
frastructure are collected by a combination of various monitoring systems on a resource base and
organized by information producers (or providers). In the previous generation of monitoring ar-
chitectures, the information producers were organized in a hierarchical structure and published
their data, which finally were collected and stored in a central LDAP-based database. In more
modern approaches, the information producers are known to the system by subscribing them-
selves to an Index service (MDS) or a Registry (R-GMA). Information consumers ask this struc-
ture for the location of the producers and contact all of them in order to acquire the needed data.
Moreover, various aggregator services exist that collect information (via subscription, polling or
execution) from information producers using a common configuration mechanism to specify
the type of data and the collected information. For example, VOs maintain such services to col-
lect VO-wide resource information by collecting data from the Information servers running at
many sites. Due to the large volume of data and their usefulness to various services, it is strongly
believed by the author that a solution for efficient storage and indexing of the produced infor-
mation, which dynamically adapts to requests of users or services, contributes to the operability

and the performance of a Grid infrastructure.

There exist multiple systems and architectures proposed to implement the information sys-
tem component. The most common is the Globus Monitoring and Discovery Service (MDS) [MDS].
A Grid Index Information Service (GIIS) provides an aggregate directory of lower level data stored
at multiple Grid Resource Information Services (GRISs). The hierarchical structure that can be
composed between GIISs enables complete information retrieval by querying the top level GIIS.
However, MDS has shown not to be a solution for large-scale production because it does not
scale: Multiple client requests quickly lead to an overload of the top level GIIS [ZFS07]. An-
other schema used especially for accounting and publication of user-level information is the

Relational Grid Monitoring and Discovery Service (R-GMA) [RGM], which supports complex
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type of queries allowed by relational databases. R-GMA presents information as a single virtual
database containing a set of virtual tables, nevertheless the bulk of data need be transferred of-
fline to a centralized database after a period of time, with all the performance drawbacks that
this entails. The major drawback in all these methods is the fact that none of these architectures
scale as the number of data collectors increase [ZFS07]. Moreover, they all assume an offline (or
periodic at best) data migration phase to a more central location where global information can
be available. In contrast, the presented solution is a completely decentralized system where all
data are continuously available and indexed at the requested granularities for fast retrieval.

The architectures of such information systems can be divided into the following structural
categories according to the existing technologies and real paradigms implemented in existing

infrastructures:

+ Centralized solution: The produced information by various monitoring tools is published
in a central database. The users query this database in order to retrieve the information of
their interest. A usual technique is to replicate the database or maintain such a database
per VO, so as to lighten the heavy load in flash crowd situations and to avoid single point

of failures.

« Distributed solution: A producer—consumer model is implemented in a distributed man-
ner resulting in the implementation of a virtual database. The producers register them-
selves within the Registry and describe the type and structure of the provided information.
The consumers contact the Registry to find the locations of the producers and afterwards
contact them directly to obtain the relevant data, as shown in Figure B.23 (distributedCP

model).
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Figure 3.23: An Information System according to the distributedCP model
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The described system is a complete solution for the organization and storage of such infor-
mation. The proposed scheme can be integrated in a Grid environment providing a fully decen-
tralized solution. In this architecture, the nodes hosting the information producers and used for
information - related purposes are organized in a DHT-based overlay, as shown in Figure B.24.
The routing of messages among these resources is performed according to the DHT protocol
and no centralized structures are required. The P2P overlay introduces a scalable solution, while
data and query load balancing is achieved. A concept hierarchy is defined for the various lev-
els of aggregation that characterize the produced data. Each numerical fact is described by the
corresponding concept hierarchy. No off-line collection and processing of data is required, since
online updates are supported. The re-indexing mechanism enables the summarization of data
according to the incoming queries. Moreover, the Registry or Index service with the locations
of service instances is implemented in a distributed manner. While in existing distributed ap-
proaches a consumer queries a central point to find all the relative producers, this procedure is
eliminated by the self-organized nature of the described system. The data are dynamically ag-
gregated and stored in a distributed manner according to the preferences of the users achieving

reduction of processing and communication cost.
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Figure 3.24: The proposed architecture for the Information System

An example for the usage of the described integration can be considered for the service pro-
viding information for accounting purposes of the EGEE Accounting Portal [ege]. This service
uses APEL [et.05], which is a log processing application to filter data produced in each site. Af-
terwards, R-GMA producers collect data from sites and streams them to a centralized database.
The central database collects millions of records per grid job and stores them offline. Due to the
enormous volume of data, only summarized views of the various metrics such as Number of jobs,
Normalized CPU usage, SumCPU, CPU efficiency, etc, are computed offline and become avail-

able to the users. The right balance between quantity and timeliness of information on one hand
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and associated costs on the other should be considered for this centralized solution. A simply
hierarchy describing this kind of data could be the VO hierarchy used in the previous examples.
In Section B.9, a more detailed concept hierarchy in the experiment for the specific use case is

considered and the corresponding data are distributed among the nodes of a P2P overlay.

3.9 Evaluation of the Proposed Grid Information System

The proposed system has been tested for a use case scenario that can be applied to a Grid In-
formation system and tested against existing solutions. In the described experiment, it has been
considered that the organization of data and the provided functionality of the EGEE Accounting
Portal developed by CESGA [ege] as a reference point, using real queries and data in the simu-
lations. The portal gathers the accounting data of all sites participating in the EGEE and WLCG
infrastructures as well as from other sites belonging to other Grid Organizations collaborating
with the EGEE infrastructure. The data are further analyzed to generate statistical summaries
that are available to the users. The numerical facts of a user’s interest are various metrics such
as Normalized CPU time, Number of Jobs, etc, being collected by tools for monitoring data of
grid resources. In the case of the specific portal, the collected data are further processed and in-
serted in an offline database. The large volume of the collected values restricts their availability
to the users. Aggregated views serving accounting purposes are generated and stored in a cen-
tral database for presentation. In the proposed approach, a similar notion has been adopted. The
monitoring of resources and the collection of values is not investigated, supposed that the “tradi-
tional” grid tools (e.g. APEL) are being utilized. Therefore, it is assumed that the numerical facts
of various metrics are published and processed by a local service on a per site basis. Afterwards,
the published information can be stored in the corresponding Information Servers that may exist
in each site. The goal of the specific experiment is to show that the collected information regard-
ing the grid resources can be organized dynamically so as to adapt to the query workload favoring
the distribution of load among the nodes. The query load per Information Server is compared to
the centralized and distributedCP solution.

The description of the numerical values of the metrics follows a hierarchy of 7 levels based
on the presentation of data in the aforementioned application. The hierarchy levels are shown in
Figure B.25.

The specific hierarchy has been used for all categories and projects, so as to maintain a com-
mon and general description. In order to assure that a value does not belong to more than one
trees with different values in the root level, the data have been parsed and uniquely mapped to
integer values taking into account the values between the VO level and each level until the ex-

amined level. This assumption can be justified, for example the Number of Jobs differs when the
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Figure 3.25: The levels of the concept hierarchy defined for the Grid Information System.

EGEE sites located in Greece are queried for two different VOs. Moreover, its a common prac-
tise in grid infrastructures to include the VO attribute in the queries for the Information Service.
According to the information provided by this accounting portal, around 700 sites participate in
various categories and projects of the infrastructure. Each site is considered as a different node
in the simulation of the proposed system. The size of the inserted dataset is 5789, and only the
supported VOs by each site have been considered. For example, the possible values for a site
belonging to the EGEE project may be:

[High-Energy Physics, atlas, EGEE, Production, SouthEastern, Greece, HG-01-GRNET].

Thus, the sites belonging to other categories may have not been registered with a value for
each level of the hierarchy. In this case, the corresponding level has been filled with a value, which
is never queried. For example, such a tuple for a site that belongs to Tier2 has this form:

[Infrastructure, dteam, Tier2,Tier2Sub, UK, UK-London-Tier2, UKI-LT2-HEP].

The query workload has been created by real queries posed in the EGEE accounting portal
during a two month period. Since this application further processes the collected data and ag-
gregates them, it offers the potential that a query may refer to a group of VOs. In the presented
results, each query is translated to the equivalent queries and a query for each VO of the group
is generated. Each group of queries is submitted to the system at once and a standard rate for the
execution of each group is assumed. The same convention has been followed in the simulation for
the centralized model and distributed CP model. To the extend of our knowledge, it is a common
practice to determine the VO when querying the various tools of the Information services. The
performance of the proposed architecture is compared to the centralized model, where a central
database gathers all the information and answers the queries and the distributed CP model, where

a central Registry forwards the queries to all the nodes with relative data. The query workload
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comprises of around 20k group of queries, which have been translated into 250k of queries using
the restriction for a unique VO value for each query. The majority of queries targets £, {3 and
{4 around 85% of the time (19%,36% and 32% respectively).

Experiments have been carried out using all the possible levels as the default insertion level.
The precision of the proposed system remains high, with only 3% flooded queries at most. The
structure of the dataset and the biased query workload favor the resolution of the queries with-
out flooding. The difference is in the percentage of the exact match queries and the indexed
queries. The precision of exact match queries reaches around 65%, when the levels €3, €5 and €4
are selected as the default pivotlevel. The selection of these levels as pivot levels appears as good

solution for the distribution of the objects amongst the nodes as well.
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Figure 3.26: Average load of queries per node

Figure B.26 depicts the variations of the average number of resolved queries per node during
the simulation time. At the start of a time unit, a group of queries is posed to the system and
thus the average load of the centralized solution is equal to the number of queries included in a
group. The curve concerning the distributedCP model refers only to the average query load of a
producer. The load of the Registry node is equal to this of the node of the centralized solution or
to a fraction of this load if a Registry node exists per VO. The indexing structure of the proposed
system results in a high precision, while each query is resolved by visiting less nodes and thus
the query load per node is significantly smaller than in the distributedCP model. The average
load per node of the proposed Grid Information System reaches the respective load of a node in
distributed CP model, if lg is selected as the default pivotlevel. In this case, the indices forward

the queries to an almost equal number of nodes as in the distributed CP model.
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CHAPTER 4

A Distributed System for Interlinking

Multidimensional Data

n this chapter, a distributed system for efficient distribution and processing of multidimensional
hierarchical data is presented. The system is called LinkedPeers and aims at incorporating
two important features: large-scale support for partially structured data and high-performance,
distributed query processing. The proposed search strategies mainly focus on the resolution of ag-
gregate operations over multiple dimensions. To enable the efficient resolution of such queries,
LinkedPeers utilizes a conceptual chain of DHT rings storing information in a hierarchy preserv-
ing manner. Moreover, adaptive mechanisms are implemented adjusting both the granularity of
indexing and performing pre-computation of possible future queries according to the incoming
query workload. LinkedPeers is evaluated under different data and query workloads proving that
the system achieves high precision in answering queries while minimizing communication cost and
adapting its indexing to the incoming queries.
The methods introduced in LinkedPeers are adjusted and extended for a real-world use case.
The recent Linked Open Data (LOD) initiative integrates large amounts of data from different
resources and domains, providing large scale reasoning on data of the Web. The evaluation of
queries in such environments mainly occurs along two directions: Centralized and federated sys-
tems. While the former are limited over both scalability and size constraints, federation of diverse
RDF stores severely hinders performance. Taking into account the structure of linked data and

the requirements for efficient management of such data, a P2P Indexing scheme for Linked Data -
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PI4LD - is proposed. In this system, the stored entities and classes are organized along hierarchies
formed according to the used ontologies, taxonomies and vocabularies. The relationships among
entities are maintained in a distributed manner, while data generated by different resources can
be integrated to the system. The proposed scheme can either serve as an autonomous solution for
hosting linked data or as a mediator over federated resources. PI4LD supports various types of
queries, such as simple queries discovering stored entities and at the same time more complex
ones. Extensive evaluations using both synthetic and real datasets against a popular centralized

RDF store show that PI4LD provides significant reductions in response times.

4.1 Introduction

In a variety of applications, data are described by multiple characteristics (or dimensions)
such as time, customer, location, etc. The multidimensional data model is an integral component
of data warehouses and OLAP tools allowing the representation of data in the form of a data cube.
Dimensions correspond to perspectives or entities for which the records are maintained and can
be further annotated at different levels of granularity through the use of concept hierarchies .

Besides the well-documented need for efficient analytics, web-scale data poses extra chal-
lenges: While size is the dominating factor, the lack of a centralized or strict schema is another
important aspect: Data without rigid structures as those found in traditional database systems
are provided by an increasing number of sources, for example data produced among different
sources in the Web [Data]. The distribution of data sources renders many centralized solutions
useless in performing on-line processing. Consequently, any modern analytics platform is re-
quired to be able to perform efficient analytics tasks on distributed, multi-attribute structured

data without strict schema.

LinkedPeers is a system that efficiently stores and processes data described with multiple
dimensions, while each dimension is organized by a concept hierarchy. A Distributed Hash Table
(DHT) substrate is chosen for the organization of any number of commodity nodes participating
in the system. Data producers can individually insert and update data to the system described by
a predefined group of concept hierarchies, while the number of dimensions may vary for each
data item. Queries are processed in a fully distributed manner triggering adaptive, query-driven

reindexing and materialization mechanisms to minimize communication costs.

The motivation behind the design of LinkedPeers is to provide a large-scale distributed in-
frastructure to accommodate collections of partially-structured data. In contrast to approaches
where both data and their relationships are pre-defined by rigid schemas, the specific system
intends to support a higher degree of freedom: System objects are described by d dimensions,

each of which is further annotated through a corresponding concept hierarchy. LinkedPeers does
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not require that each inserted fact be described by values for all dimensions. On the contrary, it
attempts to fully support it and not restrict the ability to efficiently process it.

LinkedPeers manages to preserve all hierarchy-specific information for each dimension, us-
ing a tree-like data structure to store data and interlinking trees among different dimensions. A
natural ordering of the dimensions that stems from their importance, query skew, etc, yields to a
corresponding organization of the DHT layer: LinkedPeers comprises of multiple “virtual” over-
lays, one for each dimension. In practice, all dimensions can share the same identifier space and
use a single underlying DHT overlay instead of creating a different one for each dimension. In
this case, the separation of rings in each dimension is “virtual” An abstract representation of the
virtual rings of LinkedPeers for d-dimensions is shown in Figure f.I. The strategy of construct-
ing as many rings as the number of dimensions results with each object being split into d parts
and ending up in nodes of the primary and secondary rings. Trees at secondary rings maintain
information towards related trees of the primary ring.

The purpose of this design is to couple the operational autonomy of the primary ring with
a powerful meta-indexing structure integrated at the secondary rings, allowing the system to
return fast aggregated results for the queried values by minimizing the communication cost. By
allowing adaptive result caching and precomputation of related queries, this efficacy is further
enhanced.

The proposed scheme enables the processing of complex aggregate queries for any level of
any dimension, such as: “Which Cities belong to Country ‘Greece’ ?” or “What is the population
of Country ‘Greece’ ?” or “Which Cities of Country ‘Greece’ have population above 1 million in
Year 2000’7’ considering that the Location (see Figure B.1)) and Time(see Figure B.4) hierarchies
describe a numerical fact for population. The enforced indexing allows to find the location of any
value of any stored hierarchy without requiring any knowledge, while aggregation functions can
be calculated on the nodes that a query ends up.

To summarize, LinkedPeers offers the following innovative features:

+ A complete storage, indexing and query processing system for data described by an ar-
bitrary number of dimensions and annotated according to defined concept hierarchies.
LinkedPeers is able to perform efficient and online incremental updates and maintain data

in a fault-tolerant and fully distributed manner.

+ A query-based materialization engine that pro-actively precomputes relevant views of a

processed query for future reference.

+ Query-based adaptation of the indexing granularity of its indexing according to incoming

requests.
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Figure 4.1: An abstract view of LinkedPeers architecture

To support the presented analysis, a thorough performance evaluation is exhibited in order

to identify the behavior of the scheme under a large range of data and query loads.

4.2 Notation and Definitions

Data items are described by tuples containing values from a data space domain D. These
tuples are defined by a set of d dimensions {dy, ..,d;_1} and the actual fact(s). Each dimension
d; is associated with a concept hierarchy organized along L; levels of aggregation ¢;;, where j
(j € [0,L; — 1]) represents the j-th level of the i-th dimension. It is defined that {j lies higher
(lower) than €;; and denote it as . < € (Cix > C) iff k <1 (k > 1), i.e., if £ corresponds to a less
(more) detailed level than ¢j; (e.g., Month < Day). Tuples are shown in the form:

(V0,0 +++100,Lg=17+++ s Vd=1,07 -+ 1 Vd=1,L; =15 fOr +++)

where v; ; represents the value of the j-th level of the i-th dimension. Note also that any
value-set (v, ..., 0;1,—1) for the i-th dimension may be absent from a tuple and that fact (e.g.,
fo) may be of any type (e.g., numerical, text, vector, etc), but one dimension has to be considered
as primary. Level £} is called the root level for the i-th dimension and its hashed value v;y is called
root key. The values of the lowest level of a hierarchy (v; (1,-1)) are also referred to as leaf values.

The values of the hierarchy levels in each dimension are organized in tree structures, one
per root key. Without loss of generality, it is assumed that each value of £j; has at most one
parent in £j(j_1). To insert tuples in the multiple rings, one level from each dimension hierarchy

is chosen; its hashed value serves as its key in the underlying DHT overlay. Any reference to this
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Tuples in a local database:
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Figure 4.2: A group of tuples with various value combinations among dimensions and the resulted tree
structure for the primary dimension.

level is noted as pivot level and to its hashed value as pivot key. The pivot key that corresponds
to the primary dimension (or primary ring) is called the primary key. The highest and lowest
pivot levels of each hierarchy for a specific root key are called MinPivotLevel and MaxPivotLevel
respectively.

The value-set of a dimension along the aggregated fact are organized as nodes of a tree struc-
ture, which contributes to the preservation of semantic relations and search. Figure .7 describes
the running example. The shown tuples adhere to a 3-dimensional schema. The primary dimen-
sion is described by a 4-level hierarchy, while the other two are described by a 3-level and a
2-level hierarchy respectively. Note that the last two tuples do not contain values in d; and dy
respectively. The selected pivot level for the primary dimension is {p2 and thus all the shown
tuples have the same pivot key in the primary dimension. All the value-sets in each dimension
are organized in tree-structures with common root keys.

The basic type of query supported in LinkedPeers is of the form:

q = (Goks -+ dij, ~-~r‘7(d—1)m)

over the fact(s) using an appropriate aggregate function. By g;; is denoted the value for the j-th

hierarchy level of the i-¢# dimension which can also be the special *’ (or ALL) value.

4.3 Data Insertion

The proposed system handles both bulk insertions and incremental updates in a unified man-
ner. As the design of the system implies one virtual overlay per dimension, one key (using the
SHAT1 hash function for instance) for a selected pivot value of each dimension is generated.

During data insertions, the information about the pivot value is vital (only for initial inser-
tions the pivot level can be selected according to the needs of the application). The design of
LinkedPeers assumes if a value vj; is selected as a pivot key during the insertion of a tuple, every

other tuple that contains v;; must also select it as its pivot key for the i-th dimension. To comply
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Figure 4.3: The created data structures after the insertion of the first tuple of Figure

with this assumption, a node should be aware of the existing pivot keys during the insertion of
a new tuple. Thus, a fully decentralized catalogue storing information about root keys and their
respective pivot keys in the network is implemented in LinkedPeers. Each root key is stored at
the node with ID closest to its value. Every time that a new pivot key corresponding to this root
key is inserted in the system, the root key node is informed about it and adds it in a list of known
pivot keys. The root key node is also aware of the MaxPivotLevel used during the insertion of its
values in the specific dimension.

The procedure for inserting the values of a tuple appropriately in all dimensions constitutes

of the following basic steps:

+ Inform each root key of every dimension about the corresponding value-set

(Vio, .., 0i1,—1) of the tuple, so as to decide for the appropriate pivot level.
+ Insert each value-set (v;, ..., v;1,—-1) to the corresponding ith—ring.

+ Create or update links among the trees of secondary dimensions towards the primary di-

mension.

Initially, the initiator contacts the root key of the primary dimension’s value-set. The root key
of the primary dimension is informed about the new tuple and indicates the appropriate pivot
level: if the same pivot key already exists, then its pivot level is used, otherwise the MaxPivotLevel.
In case that the root key does not already exist, then it is stored in the node responsible for it and
the pivot level is chosen either randomly or according to a predefined pivot level for the whole

system. Afterwards, the DHT operation for the insertion of the tuple in the primary dimension
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starts and the tuple ends up to the node responsible for the decided pivot key. The node respon-
sible for the pivot key of the primary dimension stores its value set in a tree structure and the
whole tuple in a store defined as its local database. Moreover, it stores the result(s) of the aggre-
gate function(s) over all these tuples that have the same value in each level (i.e., the results for
(voj, *, - - -,*) queries, where j € [0, L; — 1]). Figure fl.3 demonstrates the insertion of the value-set
(ap, a1, a2,2a3) in the primary ring of an overlay consisting of nodes referred to as Nod;. The root
key ag does not exist in the overlay and £y is selected randomly as pivot level. The root index is
created from ag towards as and the tuple is inserted to the node Nod;, which is responsible for
the pivot key of the value as according to the DHT protocol. Nod; inserts all the values of the

tuple in its local database as well.

Linked Table

Tuples in a local database of Nod;: Nod 17
Primary Dim Dim4 Dimy  Fact

(ag.aq|agjas) | (bl
(ag,aqjagjagz) | (bl
(ag.aq|agja's) null
(

coleq) | f:

(Copc'q)

cpfc'1)
ap,aqjasjas) (bo null fy

N

Pivot values of

<

ooy

secondary dimensions

Figure 4.4: Final placement and indexing of the tuples of Figure
in LinkedPeers

The next step is to store the value-sets for the remaining dimensions in the corresponding
rings. The node responsible for the primary key contacts each node responsible for the root keys
and is informed about the appropriate pivot level in d;. Since the pivot levels for the secondary
dimensions are determined, the value-set of each dimension is stored in the node responsible
for its pivot key. Again, the respective aggregates are also maintained in the nodes of the trees.
The values of the secondary dimensions are associated to the primary dimension through the
primary key. Each leaf value of a secondary tree structure maintains a list of the primary keys
that is linked to. The structure storing the mappings among the leaf values and the primary keys

is referred to as Linked Table. The node holding the primary key also stores the pivot levels of the
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value-sets of the secondary dimensions in its local database along with the whole tuple. Another
remark is that if the insertion of tuples does not take place during the initial loading of data in
the system and the root key already exists, then any existing soft-state indices should be updated
as well. The procedure described in Section B.5.]] can be considered for the value-set that its root
key existed. In this case, since soft-state indices may store the aggregated facts for the indexed
value, the soft-state indices should not only get informed about the locations of the new trees,
but also about the new facts. In case that the tree already existed, the marked values as indexed

should also learn about the new tuple.

In Figure 1.3, the tree structures comprising of only one branch for the secondary dimensions
are shown as well. During the insertion of value-set (b, b1, b2), the root index by is created (the
pivot level for ¢y is the root level and no further indexing is needed). Figure .4 shows the final
placement of the values in the tuples of Figure f.2 among the nodes of the overlay. When the
second tuple is inserted in the overlay, the root index for ay indicates that the value ay exists
already as pivot key and thus this tuple needs to be stored in Nod;. A new branch below the
pivot level is inserted in the existing tree. The values of d; do not exist in the third tuple, but this
fact does not affect the procedure of the insertion. The insertion of the values for d; results also
in the construction of a new tree for the pivot value b}. Since the primary key of all tuples is the

same, the local database of Nod; contains all the rows shown in Figure f.2.

4.4 Query Processing

The queries posed to the system are expressed by conjunctions of multiple values. When a
query includes a pivot value, then the node responsible for this value can be found with a simple
DHT lookup. Otherwise, the native DHT mechanisms are not adequate to search the rest of the
stored values. The proposed techniques can be further utilized to enable the search for any stored

value.

The idea behind the approach followed for the insertion of tuples in the DHT overlay is the
maintenance of the linking among the multiple dimensions, which can be searched either in-
dependently from each other or in conjunction with others. When the query does not define a
specific value for a dimension (a *’-value), then any possible value is acceptable for the query. A
query is assumed to include up to d-1 *’ for d dimensions.

LinkedPeers allows adaptive change of pivot levels according to the query skew. Therefore,
query initiators are not aware if any of the queried values correspond to a pivot value, forcing
them to issue consecutive lookups for any value contained in the query according to the dimen-
sion priority, until they receive a result. Initially, a lookup operation is initiated for the value of

the dimension with the highest priority. If the node holding the queried value cannot be located
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by the DHT lookup, then a lookup for the next non-*’ value follows. If no results are returned

for all the values in the query, then the query is flooded among the nodes of the overlay.

4.4.1 Exact Match Queries

Queries concerning a pivot value of any ring are called exact match queries and can be an-
swered by the DHT lookup mechanism. The are two categories of an exact match query:

Category 1: Query is ¢ = (q0pivotlevel/ ...), where a pivot value of the primary dimension is
defined in the query. Any other values may be included for other dimensions as well. The DHT
lookup ends up at the node responsible for the pivot key of the primary dimension. If this is the
only value asked, the corresponding tree structure is searched for the aggregated fact. Otherwise,
the local database is scanned and the results are filtered according to the remaining values locally.

Category 2: Query is ¢ = (qoj, - - - , Jipivotlevel, - - -)» Where qo; does not correspond to a pivot
value. In this case, a queried value in one of the secondary dimensions is a pivot value. The strategy
followed to resolve this query is that consecutive queries are issued until the node responsible for
ipivotievel is reached. If the query contains no other values, then the tree structure of this node is
adequate to answer it, otherwise the query is forwarded to all the nodes of the primary dimension
that store tuples containing gipivotievel- These nodes query their local databases to retrieve the
relative tuples and send back the results to the initiator. If more than one pivot values are present
in the query, then the query is resolved by the dimension with the highest priority. In the example
of Figure 4, a query for value by can be resolved by the aggregated fact stored in Nods. On the
other hand, a query for the combination of values (a3, b1, *) reaches Nods, which does not store
adequate information to answer it and (using its Linked Table) forwards it to Nod, which queries

its local database.

4.4.2 Flood Queries

Queries not containing any pivot value cannot be resolved by the native DHT lookup. The
only alternative is to circulate the query among all nodes and process it individually. In case that
the query contains a single value, then the tree structures of each node are searched. Otherwise,
a node searches its local database for the queried values and sends the found results back to the
initiator.

To minimize the communication and processing costs, extra steps are taken for the resolu-
tion of a flood query. Both the DHT mechanisms and the properties of the data structure are
utilized to avoid visiting the same node multiple times and impose an order in the way that
the nodes are visited, instead of flooding the query in an uncontrolled manner. The hierarchical
structure of data along with the imposed indexing scheme enable a controlled flooding strategy

that significantly reduces the communication cost.
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Initially, a flood query is forwarded from a node to its closest neighbour in the DHT substrate.
Each visited node searches its tree structures for any of the values included in the query. It also
searches its local database for any of the queried values and the combination of values included in
the query. If nothing is found in the reached node, then the current node registers the ID range(s)
under its responsibility in the flood message and forwards the query to its closest neighbour. This
strategy is enforced so as to avoid visiting the specific node again during the rest of the procedure
for the flood resolution. The reasoning behind this strategy is that if a node has been already
queried and does not store any relative tuples to the query, then there is no benefit of searching
the same node again, even if it is indicated as a candidate node for holding tuples that answer the
query.

If any relative information to the query is found in a reached node, then the query forwarding
stops. In case that the queried value is found in a tree structure of the node, then this node
becomes the coordinator of the flood procedure. If more than one of the queried values are found
in the same node, then the query is resolved in the ‘virtual’ ring of the dimension with the highest
priority. The possible cases of a found flooded value are two: either to belong to a level above the
pivot level or to a level below the pivot level. The referred node does not become the coordinator,
when a value is found in one or more tuples of the local database. Nevertheless, in this case there
is enough information in the stored tuple to find out if the found value is located above the pivot
level or below the pivot level, so as to forward the flood query either to the root key of this
value or its pivot key respectively. Any found tuples answering the specific query (or aggregated
facts) are also included to the flood message during the forwarding of the query. Apart from this
additional step, the procedure for resolving the query continues as described below without any
other changes.

Assuming that the found value is located below the pivot level, then there are no other trees
with the specific value. The node either sends the result to the initiator of the query (if the query
involves only a single value or the found value belongs to the primary dimension) or forwards the
query along its links to the nodes of the primary dimension excluding the already visited ones.
The strategy described for the second category of the exact match queries is followed. The nodes
with the primary keys respond with the relative tuples or the aggregated fact. These results are
collected by the coordinator and sent back to the node that initiated the query.

In case that the found value belongs to a level above the pivot level, there may exist other
trees with the same value, even if one has been already found. For example, if a flood message
for value a; in Figure f.4 reaches Nod;, other nodes with the value a; and different pivot keys
may also exist. Yet, it is certain that this value is not stored at a tree having a different root key.
Thus, the flood message is forwarded to the node with the corresponding root key, which be-
comes the coordinator of the procedure from now on. This node forwards the flood query to the

nodes whose pivot keys is aware of, excluding the nodes that have been already visited. If the
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found value belongs to the primary dimension or the query does not involve any other values,
then nodes respond with the relative tuples or the aggregated fact respectively. Otherwise, each
node includes in its response any relative facts that may have found in its local database and a set
of candidate links that the pivot key(s) of the found value is(are) linked in the primary dimen-
sion. Upon receiving all the results, the coordinator merges the links and excludes from querying
the nodes that have been already visited. Finally, the local databases of the remaining nodes are
queried and the returned results are merged with the already found ones and returned back to

the initiator.

4.4.3 A Query-driven Approach for Partial Materialization

In many high-dimensional storage systems, it is a common practice to pre-compute different
views (GROUP-BYs) to improve the response time. For a given data set R described by d (dimen-
sions) annotated by single-level hierarchies, a view is constructed by an aggregation of R along
a subset of the given attributes resulting in 27 different possible views (i.e., exponential time and
space complexity). The number of levels in each dimension adds to the exponent of the previous
formula. In LinkedPeers, a query-based approach is considered to tackle the view selection prob-
lem: The selection of which “views” to pre-compute is query-driven, as it is taken advantage of
the evaluation process to calculate parts of various views that are expected to be needed in the
future and maintain “partial materialized views” in a distributed manner.

Figure .5 depicts all the possible combinations of the values of the query (ay, b, ¢1), relative
to Figure f.4. The attributes participating correspond to levels {{y1, {12, €31} respectively. Each
combination of values consists of a subset of attribute values in {dy, d;,ds} ordered according
to the priorities of dimensions in decreasing order. A possible combination of values that can
be queried is mapped to a “view identifier” comprising of the respective values. When a view
identifier (or combination respectively) is “materialized’, then the result for this combination of
queried values is computed and stored for future use. For example, the view identifier (a1,c1)
in Figure f-5 stores the results of the query (a1, *,c1). Moreover, each view identifier in the i-
th level of the tree structure in Figure f.5 is deduced by its ancestor view identifier in (i-1)-th
level by omitting the participation of one dimension each time. When a value of a dimension is
omitted in a view identifier, then it is considered that its value is a “’-value. The identifiers that
have already registered on the left-side of this tree are omitted.

Let S; C S be the subset of view identifiers that start with the attribute value defined in
dimension d;. The subset of the specific view identifiers is called Partition;, and the dimension
that participates in all identifiers of the partition as Root,.. In Figure .5, Partitiony comprises of
all view identifiers that contain a;, which is the Root(, while a; does not appear in any identifier

of the remaining partitions.
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Figure 4.5: All possible view identifiers for a query combining values in 3 dimensions.

According to the strategy followed during flooding, all the nodes with trees containing the
found value used for the resolution of the query (hence reference value) are definitely contacted.
Thus, it can be concluded with certainty that there exist no extra nodes with tuples containing the
reference value. This assumption is not valid for the rest of the values included in the query. This
observation is significant for determining which combinations can be materialized and stored
for future queries in a distributed manner.

Let S be the set of all the 27 identifiers. It can be deduced that only a subset Spartial C S of
the view identifiers can be fully materialized, namely only the identifiers of the combinations
including the reference value. In the example of Figure f.5, let us assume that the flood query
for the combination (ay, by, ¢1) reaches Nods and the reference value is by. The query will be
forwarded to Nod; and it will be resolved. Nevertheless, it is not ensured that there are no other
nodes storing tuples with a; or ¢1. Thus, Spgtis comprises of the view identifiers in the non-grey
boxes, which can be materialized.

In more detail, the calculation of the partial views occurs among the nodes of LinkedPeers
as follows: Each peer that returns a found aggregated fact in a flood query, it also calculates
the available view identifiers in Spgiq stored in its local database. Due to the flooding strategy,
every peer with trees containing the reference value will be definitely contacted. According to

this procedure, the following conclusions are made:

+ The Spytiq) may comprise only of identifiers belonging to Partition,, Partitiong,, ..,
Partitiong, p where the Root; y of Partitiong ;s the reference value used for the resolution

of the flood query.

« If the query is flooded in all the nodes of the network, then all the combinations of the
queried values can be calculated resulting in 2¢ — 1 combinations (ALL is not material-
ized), if the query does not contain any “’-value. In case of “*’-values, the number of view

identifiers is 27" — 1, where n is the number of “’-values. If the described strategy for
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minimizing the visited nodes during the flood of a query is enforced, then only the com-
binations that contain the reference value can be calculated. Nevertheless, taking into ac-
count the type of the inserted dataset (number of dimensions, number of tuples), the type
of the query workload (average number of “’-values per query) and the specifications of
the system (i.e., bandwidth consumption, storage capacity) various policies can be defined

to limit the number of calculated aggregated results.

Upon the reception of all the results, the coordinator merges the returned aggregated facts
for each view identifier. Afterwards, it calculates the hash value of each Rootd]. and inserts each
Partitiondj (jelo, dref]) to the overlay. The node responsible for the Root, y also creates indices
towards the locations of its tree structures to forward any query that cannot be resolved by the
stored materialized views. The idea behind the splitting of the partitions is that the stored com-
binations need to be located with the minimum message cost, namely with the primitive DHT
lookup. Since a query is disassembled in its elements and the queries are issued according to the
priority of the dimensions, each identifier is stored to the dimension with the highest priority of
its values.

Although any approach of existing relational schemas for storing views could be utilized to
store the aggregated facts, simple ‘linked-listed’ structures are maintained in LinkedPeers storing
the different view identifiers, along with the corresponding facts. As shown in Figure £.6, the
materialized view identifiers of Figure .5 are stored to the nodes responsible for the values ap-
pearing in the ‘dark grey’ boxes. All the queries arriving at the node responsible for Root( (namely
ap) should also include the Root;, 5 which is ba. The combination of value(s) that a query should
at least include so as to be resolved by one view identifier of such a group is marked with red
boxes. It may also include the value(s) contained in the white boxes. For instance, the queries

(a1, by, ) and (a1, bs, c1) can be directly answered by the calculated results stored in the node

Linked Table
i Linked Table

********

i | | ‘o 7 ! ao,

B b2 |

Partition

Figure 4.6: Distribution of materialized view identifiers among the nodes of LinkedPeers
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responsible for the Partitiong, as shown in Figure f.5. The key used by the DHT for assigning
these two view identifiers to the appropriate node is the hashed value of a;. Figures .7 and (.§
depict a different example for the case that the there is data with four dimensions in the system.
The posed query is (a;,bj,ck.d;), while all the values in all four dimensions do not correspond to
any pivot value. The possible combinations and the calculated ones (contained in white boxes)
are shown in Figure f.7 after the query is resolved using the value ci as a reference value. An

indicative distribution of the materialized view identifiers is shown in Figure .8
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Figure 4.7: All possible view identifiers for a query combining values in 4 dimensions.

The created indices and view identifiers are soft-state in order to minimize the redundant
information. This means that they expire after a predefined period of time (Time-to-Live or TTL).
Each time that an existing index is used, its TTL is renewed. This constraint ensures that changes
in the system (e.g., data location, node departures, etc) will not result in stale indices, affecting
the validity of the lookup mechanism. The indices are bidirectional to ensure data consistency
during re-indexing operations. Finally, a limit is posed to the maximum number of indices held
by each node. Overall, the system tends to preserve the most “useful” indices towards the most

frequently queried data items.

ai_ck

Primary dimension

Figure 4.8: Distribution of materialized view identifiers among the nodes of LinkedPeers for the 4-
dimensional example
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During the update procedure, there are different alternatives that can be considered for up-
dating the materialized combinations, since their aggregated facts may change. On one hand, it
can be assumed that since the partial materialized views are soft-state, it can be avoided to ex-
plicitly update their values and rely on the fact that after their expiration, the new values will be
taken into account. On the other hand, if the returned results need to be accurate and there are
strict constraints on this, then a strategy can be enforced that lookups about the values of the

new tuple(s) and updates any materialized combinations of values appropriately.

4.4.4 Indexed Queries

When a query reaches a node holding an index, then the stored view identifiers (if any) are
searched for the combination of values included in the query. If the combination is found, the
aggregated value is returned to the initiator. In the case that the combination does not exist, but
the index is aware of the nodes with the pivot keys for the specific value, the query is forwarded
to the respective pivot keys. If the query is simple or the found value belongs to the primary
dimension, then the aggregated facts for the query are returned. Otherwise, the reached nodes
return the locations of the primary ring that are correlated with the indexed value. The query
is forwarded to these nodes contacting their local databases. After an indexed query which has
not been resolved with the use of a stored view identifier, the procedure for materializing all the

possible view identifiers described in the Section above is followed.

The nodes with actual tuples of the indexed value need to know the existence of an index.
The bidirectionallity of the indices is introduced only to ensure data consistency, despite of them
being soft-state. During re-indexing operations, the locations of stored tuples change and indices
correlated to these tuples need either to be updated or erased, preventing the existence of stale
indices. It has been chosen to erase them, so as to avoid increasing the complexity of the sys-
tem. Detailed information for an existing index is not essential for the node, where the tuples are
stored. A simple mark for each indexed value is adequate in order to erase its index, if needed.
In this case, some redundant operations for erasing expired indices may occur. If there are no
memory restrictions and local processing is preferable to bandwidth consumption, indexed val-
ues can be marked with a time-stamp. Every lookup for an indexed value renews the TTL in both
sides of the index and only valid indices are erased during re-indexing operations. The created
views holding the data for the calculated combinations are not aware of the locations of the trees

and for this reason views are only soft-stated.
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4.5 Adaptive Query-driven Re-indexing

A significant feature of the system is that it dynamically adapts its indexing level on a per node
basis to incoming queries. To achieve this, two re-indexing operations regarding the selection of
pivot level are introduced: Roll-up towards more general levels of the hierarchy and drill-down

to levels lower than the pivot level.

The idea behind the decision procedure is based on the fact that a node is more capable of
detecting if the values for a level £;; > pivotlevel (where pivotlevel denotes the pivot level of a
specific hierarchy in the i-th dimension) of a tree are queried at most and thus to proceed to re-
indexing operation. On the contrary, it has to cooperate with the rest of the nodes storing a value
for a level ¢;; < pivotlevel to obtain a global view and decide if a re-indexing operation towards
this level for the involved trees would be beneficial. Therefore, the node has sufficient information
to decide if a drill-down will be favorable for the values of this tree. A roll-up towards a level
tij < pivotlevel is decided by all the involved nodes storing trees with the specific value in this
level. The decision for a possible re-indexing operation is made according to statistics collected by
the incoming queries in the trees responsible for the specific value used during the resolution of a
query, as discussed in Section B.5. Since some queries are resolved by the node holding an index
and are not further forwarded to the node(s) with the actual tree structure(s), some statistical
information is maintained in these nodes. This information is pushed to the referred nodes and
merged with their maintained records, as soon as another query needs to be forwarded to these
nodes by the index. The queries answered with the use of view identifiers are not counted in
the decisions for re-indexing, since they are resolved directly by the node holding them and the
query processing is not encumbered. The goal is to increase the number of queries answered as

exact matches in each dimension.

Each time that a value of a tree structure is looked up, then the maintained statistical infor-
mation is updated, as described in SectionB.5. The decision process for a possible re-indexing
operation can be triggered after an indexed query resolved without using a materialized view
or a flood query and only for the reference value. As far as the indexed queries are concerned, a
node holding the tree with the specific value checks for a re-indexing operation after a number of
indexed queries has been received by the specific node. When a tree structure is searched during
the resolution of a flood or indexed query, then the respective statistical information is checked
to find out if a re-indexing operation is indicated. If a drill-down is decided or a roll-up seems
probable, then this alarm is included to the answer of the node. Since only the tree structures for
the reference value are definitely visited, a re-indexing decision is examined only for this value
and not all the values contained in the query. The procedure for deciding if a re-indexing opera-
tion is advisable is performed according to the algorithms proposed in SectionB.5. Nevertheless,

major enhancements have been made for the customization of the re-indexing operations in
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multiple dimensions due to the requirements arisen from the existing links among the rings. If
a re-indexing operation is not needed after a flood query, then no action is taken other than the

creation of the soft-state indices and materialization of the view identifiers.
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Figure 4.9: Re-organization of the shown tree structures of dimy after a roll-up operation towards €

Roll-up: In general, if a node detects that the demand on a value above the pivot level relatively
exceeds the demand for the other levels, it initiates the procedure to decide if a roll-up towards
this level would be beneficial (by communicating with the other nodes holding this value). For
this reason, it sends a remark to the node collecting the results that a possible roll-up opera-
tion towards the queried level needs to be examined. When the coordinator (if a flood operation
occurs) or the node that holds the index is informed about the requisite of a possible roll-up to-
wards the queried level, it starts the collection of statistical information from all trees containing
the queried value. Afterwards, it decides if a roll-up operation is needed and a positive decision
leads to the re-insertion of all trees containing the specific value with the new hash value in the
overlay and the trees with the old pivot values are deleted. During a roll-up, one or more nodes
re-insert their trees, which end up in one node responsible for the new pivot key. If the roll-up
value belongs to a primary dimension, then all the relative tuples in the local database are trans-
ferred to the new node. Each node also informs the root key about the pivot key(s) to be erased
and the new pivot key to replace it (them) and erases all the soft-state indices towards any value
of the re-indexed trees. The root key waits to receive the messages for updating its list of pivot
keys from all the nodes participating in the roll-up operation and afterwards replaces the old
pivot keys and nodes with the new ones. In the meantime, queries concerning any value of the
trees participating in a roll-up operation are answered by the nodes responsible for the old pivot

keys. The stored view identifiers containing any of these values in other rings are not affected,
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since the relocation of the trees does not influence the stored, aggregated facts. The final step is
the update of the links among the primary and the secondary rings, since the links need to be
valid for the resolution of future queries. If the roll-up operation is performed in the primary
ring, then the entries in the Linked Tables containing the old pivot keys need to be updated. Each
tuple in the local databases stores also the pivot levels of the secondary dimensions. Thus, the
node responsible for the new pivot key finds the pivot keys of the secondary dimensions from its
tuples along with their leaf values and informs them about its new pivot key, so as to update their
links towards the primary dimension. When the roll-up is performed in a secondary ring, then
the pivot levels stored in the tuples containing the new pivot key need to be updated as well. For
this reason, the node responsible for the new tree, sends its pivot level along all of its different
links towards the primary dimension.

In Figure £.9, the outcome of a roll-up operation towards ¢ in the secondary ring for dim; is
shown. The involved tree structures storing the value by before the roll-up are shown in Figure f.4.
It can be assumed that an indexed query for the value by triggered a roll-up operation resulting
in the re-insertion of the trees with pivot keys b; and b} respectively. The node responsible for
the new pivot key by informs also the node responsible for the primary key a5 that the new pivot
level for all the tuples containing the value by in dim; is €.

Drill-down: The drill-down procedure is less complex, due to the fact that only one node
holds the unique tree with values for this level. Thus, the node answering the query can locally
decide if the drill-down is needed and proceed to the required actions. Afterwards, it splits the
tree to tuples grouped by the new pivot keys and re-inserts them in LinkedPeers. In case that the
queried value belongs to the primary dimension, the tuples of the local database are transfered
to the nodes responsible for the new pivot keys as well. After the re-insertion of the relative
trees is completed, the node responsible for the old pivot key informs also the root key about the
new pivot keys and the new locations of the trees and all existing indices towards these trees are
erased. Finally, the node that decided the drill-down updates the links among itself and the rest
of the rings as described for the roll-up procedure.

Figure f.1( exhibits the placement of the tuples in the primary dimension after a drill-down
towards €3 of the tree with pivot key a3 shown in Figure f.4. A flood query for the value a3 will
end up in the node responsible the pivot key as and will trigger the procedure for deciding if a
drill-down is needed towards €3. If this is the case, the node re-inserts the tuples of the specific
tree with the new pivot keys a3, a); and a; respectively. The specific node informs also the root
key ap about the new pivot keys and the pivot keys of the secondary dimensions that is linked to.
For example, the entry by — a5 in the Linked Table of the pivot key b; is now replaced with the
entry by — as.

Group-Drill-down: When a roll-up is examined towards a queried level above the pivot level,

it is also examined if a drill-down of the involved trees to a level [;; > MaxPivotLevel is needed.
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It is possible to find a level £;; > MaxPivotLevel to be the most popular but this tendency not to
appear in the partial views of the involved nodes and for this reason the trees have not already
performed a drill-down towards this level. In this case, the coordinator informs the involved
nodes that a drill-down to this level is needed. This procedure is called Group-Drill-down, since
more than one nodes participate in the drill-down. All the trees with the queried value drill-down
to the new pivot level. If the new pivot level is equal to the MaxPivotLevel, the trees already in

the MaxPivotLevel do not perform any action.

4.6 Experimental Results

4.6.1 Simulation Setup

A comprehensive evaluation of LinkedPeers is presented. The performance results are based
on a heavily modified version of the FreePastry [Fre] using its simulator for the network overlay,
although any DHT implementation could be used as a substrate. The network size is 256 nodes,
all of which are randomly chosen to initiate queries.

The synthetic data are trees (different per dimension) with each value having a single parent
and a constant number of mul children. The tuples of the fact table to be stored are created from
combinations of the leaf values of each dimension tree plus a randomly generated numerical fact.
By default, the used data comprise of 1M tuples, organized in a 4-dimensional, 3-level hierarchy.
The number of distinct values of the top level is base = 100 with mul=10. The level of insertion is,

by default, £; in all dimensions. For the query workloads, a 3-step approach is followed: At first,
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the part of the initial database (i.e., tuple) the query will target (TupleDist) is identified. Next, the

%

probability of a dimension d not being included (i.e., a *’ in the respective query) is Py .. Finally,
for included dimensions, the level is chosen that the query will target according to the levelDist
distribution. In the presented experiments, a different bias is expressed using the uniform, 80/20
and 90/10 distributions for TupleDist and levelDist, while Py, increases gradually from 0.1 for the

primary dimension to 0.8 for the last utilized dimension. Generated queries arrive at an average

query
time_unit’

This section is intended to demonstrate the performance of the system for different types

in a 50k time units total simulation time.

rate of 1

of inserted data and query workloads. The experimental results focus on the achieved precision
(i.e., the percentage of queries which are answered without being flooded) and cost in terms of

messages per query.

4.6.2 Performance Under Different Number of Dimensions and Levels

In the first set of experiments, the behavior of the system under data workloads containing
tuples with various number of dimensions or tuples with variable number of levels per dimension
is identified. The queries target uniformly any tuple of the dataset and any level of the hierarchies

in each dimension.
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Figure 4.11: Resolution of queries for data workloads with different number of dimensions, while each
dimension is annotated with a 3-level hierarchy

In the first set of the experiments, the number of dimensions varies, while each dimension
is further annotated by a 3-level concept hierarchy. Figure f.11] demonstrates the percentage of
the queries in the workload including at least one pivot value (denoted as Pivot Level Queries),
the percentage of the queries resolved as exact match queries in LinkedPeers (denoted as Exact

Match) and the achieved precision. The precision for non-flooded queries remains above 85% for
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all types of datasets, despite the number of dimensions. Queries that are not directed towards the
pivot level are answered with the use of an index or a materialized combination assuring that the
precision remains high. The difference among the exact matches and the pivot level queries is due
to the fact that in the utilized strategy followed during the resolution of queries, it is preferred to
use an index of a higher dimension than continue looking up for a pivot value in the dimensions
with lower priorities.

In Figure f.12, the results for 4-dimensional workloads with varying number of levels in the
hierarchies are demonstrated. The decrease in the precision (from 99% to about 70%) is due to the
fact that the increase of levels has a negative impact on the probability of a query to include one
pivot value for at least one of the dimensions. Thus, the percentage of the Pivot Level Queries
decreases and consequently the same happens to the percentage of the Exact Match queries,
as shown in the first pairs of columns in Figure f.I2. The increase of levels also influences the
querying of a value that it is already indexed. For this reason, the deviation between the Pivot
Level Queries and the Exact Match is bigger for two levels, where all queries including a value in
the primary dimension are resolved with the use of the pivot key or the root index according to

the proposed strategy for the query processing.
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Figure 4.12: Resolution of queries for data workloads with different number of levels in 4-dimensional
datasets

4.6.3 Query Resolution for Different Types of Datasets

In this experiment, the achieved precision of LinkedPeers for various types of datasets is
demonstrated in Figure f.I3. The number of distinct values in the top level base and the number
of children mul varies resulting in the change of the density for the dataset. Base and mul influence

the connections among primary and secondary rings, the number of distinct values in each level
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and in general the dataset density. As shown in Figure .13, as mul increases, a decrease in the
precision is observed. The same trend is also shown for workloads generated with the same value
for mul parameter, but with different values for the base. Nevertheless, LinkedPeers achieves to

resolve the majority of queries without flooding.
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Figure 4.13: Impact of mul and base in the achieved precision

The percentage of exact match queries in the primary dimension (Exact_PR) remains stable
for all datasets as shown in Figure f.14, since it depends on the query workload. Nevertheless,
the exact matches in the secondary rings (Exact_SR) increase as the indexed queries decrease,
since the indices of the primary dimension are used less, and more queries are resolved by the

secondary rings.
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Figure 4.14: Percentage of each query category for different data workloads
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4.6.4 Precision for Skewed Workloads

The adaptive behavior of LinkedPeers is identified in this set of experiments by testing the
system under a variety of query loads. In more detail, the first set of experiments is about query
loads biased towards the higher levels of the hierarchies, while different values of TupleDist are
utilized for their generation. The number of queries directed to each level depends on the value
of levelDist. The results of these experiments are shown in Figure f.15 focusing on the achieved
precision and the percentage of Exact Match queries. In this Figure, it is also depicted the per-
centage of queries including at least one value belonging to £y and at least one value belonging
to {1, which are denoted as Queries_L@ and Queries_L1 respectively. As shown in the Figure, the
more biased the query load towards the higher levels, the higher the precision becomes and re-
markably results (close to 100%) are observed. In the biased loads, the percentage of Queries_L@ is
significant bigger that the one of Queries_L1 and it is easier for the system to decide the required
roll-up operations towards £; in each dimension. Thus, even if the selection of £ is not appropri-
ate for the resolution of queries without flooding, the system manages to adjust the pivot levels
of the queried hierarchies and resolve a large portion of the queries as exact matches (denoted

as Exact Match), proving that the re-indexing mechanisms are highly effective.
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Figure 4.15: Precision and exact match queries for skew towards higher levels and various (Tu-
pleDist,levelDist) combinations

Figure .16 depicts the respective measurements, when the query loads favour the lower lev-
els of the hierarchies. A decrease is noticed in the precision of loads, where the levelDist becomes
more biased for the same TupleDist. This is due to the fact that lower levels of the hierarchy have
a considerably larger number of values. As the number of queries targeting the lower levels in-
creases, the probability of queries targeting non-indexed values is higher until the re-indexing

mechanisms adapt the pivot levels of the popular trees appropriately. Since the percentage of
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Queries_L1 and Queries_L2 does not indicate clearly which level is a a more appropriate selec-
tion as pivot level,the percentage of exact matches is lower in the biased loads compared to the

achieved one in the first set of experiments (see Figure f.15).
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Figure 4.16: Precision and exact match queries for skew towards lower levels and various (Tu-
pleDist,levelDist) combinations

4.6.5 Testing against Partial Materialization

Apart from the re-indexing operations, the materialized combinations can be also utilized to
minimize the query cost. In the next experiment, the method is tested against query workloads
targeting the dataset either uniformly or biased (90/10) (TupleDist) with uniform and biased
(90/10) skew (levelDist) towards the higher levels (denoted as up) and towards the lower levels
(DOWN).

As shown in Figure f.17, the percentage of queries resolved with the utilization of a precom-
puted combination (viewQ) increase in the query loads with 90/10 as TupleDist compared to the
percentage of the corresponding loads with UNI TupleDist for the same values of levelDist. This
happens due to the following fact: if a part of the dataset is queried at most, then the probability
of asking a calculated combination of values increases as well. Thus, more queries are resolved
with the use of combinations. Moreover, the percentage of retrieving an answer from a stored
combination is higher for uniform (UNI) leve/Dist. In this case, the re-indexing mechanisms can-
not adjust the pivot levels to all the incoming queries and the indexed queries are more often
resulting in the utilization of more identifiers.

Figure .18 depicts how queries are resolved during the simulation of the query load that tar-
gets mostly a specific part of the dataset and uniformly all the levels of the hierarchy in Figure f.17.
The total number of queries has increased to 100k and the percentage of queries answered with

the use of a materialized combination is not included in the percentage of the indexed queries. It
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Figure 4.17: Utilization of materialized combinations compared to queries resolved as indexed

can be observed that the utilization of view identifiers increases over time and less queries needs

to be forwarded across the indices.
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Figure 4.18: Resolution of queries emphasizing on queries resolved with the utilization of materialized
combinations compared to forwarded indexed queries over time

4.6.6 Cost of the Various Types of Query Resolution

The cost of a query is considered as the messages that need to be issued for its resolution.
A query resolved as exact match in the primary dimension utilizes only the DHT lookup mech-
anism. Figure .19 depicts the average number of messages only for exact queries resolved by
secondary dimensions (Exact_SR), which number is significantly smaller (less than 20% of all

queries in all cases) and indexed queries (Indexed). The average number of messages for Exact_SR
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depends on the type of dataset, namely the number of links among secondary pivot keys and pri-
mary pivot keys. When the query workload is skewed towards the higher levels (uP), then the
messages decrease due to the fact that popular trees roll-up towards £y. Thus, the secondary
keys are connected to a smaller number of primary keys. The opposite observation is valid for

the (DowN) query workloads.
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Figure 4.19: Average number of messages for exact matches in secondary rings and indexed queries

4.6.7 Performance for Dataset of the APB benchmark

The adaptiveness of the system is also tested using some realistic data. For this reason, we
generated query sets with the APB-1 benchmark [apH]. APB-1 creates a database structure with
multiple dimensions and generates a set of business operations reflecting basic functionality of
OLAP applications. The generated data are described by 4-dimensions. The customer dimension
(C) is 100 times the number of members in the channel dimension and comprises of 2 levels. The
channel dimension (Ch) has one level and 10 members. The product (P) dimension is a steep
hierarchy with 6 levels and 10.000 members. Finally, the time dimension (T) is described by a
3-level dimension and made up of two years. The dataset is sparse (0.1 density) and comprises of
1.3M tuples.

Figure .20 shows the percentage of exact match queries resolved in primary and secondary
rings compared to all exact match queries of a 25K query workload and for different combinations
of ordering of dimensions. For all combinations, the precision of non-flooded queries is over
98%. The selection of the primary dimension influences the number of exact match queries in
the primary ring.

Figure .21 presents the average number of messages for exact matches resolved by a sec-
ondary ring and indexed queries, since only a DHT lookup is performed for exact match queries

in the primary ring. The average number of messages is small for both exact and indexed queries,
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Figure 4.20: Precision for APB query workload in LinkedPeers

apart from the case that the customer dimension has been selected as a primary dimension. In
the rest of the cases, the resolution of the queries occurs with a very low cost in terms of ad-
ditional nodes to visit, even though the majority of the exact queries is resolved by a secondary
dimension, as shown in Figure f.20. The increase of messages for the CPChT dataset is due to the
large number of distinct values used as pivot keys and thus each node responsible for a pivot key
stores smaller portion of the total dataset in its local database. For all combinations of datasets,
the overhead of the additional indexing structures needed by LinkedPeers such as tree structures,
root indices, links and indices and statistical information is up to 1%. Thus, LinkedPeers can be

considered as a lightweight solution for indexing multidimensional hierarchical data.
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Figure 4.21: Average number of messages for exact match and indexed queries
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4.7 'The Linked Data Paradigm

The advent of the Semantic Web [Seml|] has brought forth to the notion of the “Web of Data’,
ie, the integration and interlinking of diverse data and their descriptions in order to enable
people to create data stores on the Web, build vocabularies, and write rules for handling them.
Web-scale data management imposes some interesting challenges, which are mainly arisen from
the big size of published data and the lack of a well-defined schema followed by all resources. The
latest factor is an obstacle for the re-usability of data, due to the fact that regular and well-defined
structures can be handled and reused with greater success from created tools. To overcome the
lack of a general structure, different APIs are developed for each source that publishes data. Nev-
ertheless, the complexity of this solution prevents Web applications of integrating datasets com-
ing from different resources. Yet, it is the efficient /inking and processing of data published by
different sources that usually provides with interesting insights.

The above assumptions can be met in the recent Linked Data initiative [Datd], [BHBLO9],
where data from different resources and domains are interlinked providing large scale integra-
tion of, and reasoning on, data of the Web [Dath]. The term Linked Data refers to a set of best
practices for publishing and interlinking structured data on the Web. The “Linked Data princi-
ples” [BHBL09] define the following basic rules of publishing data on the Web so as to become
part of a single global data space:

+ Use URIs as the names for things

*

Use HTTP URIs, so that people can look up those names.

+ When someone looks up a URI, provide useful information, using the standards (RDF,
SPARQL).

« Include links to other URIs, so that they can discover more things.

The linking of data published by various resources across the web presumes the existence of
mechanisms that follow the above principles, but also indicates the existence and significance
of connections between items described by this data. The Resource Description Framework
(RDF) [RDE] has been widely introduced for the representation and exchange of such infor-
mation, since it provides a flexible way to describe things in the world (e.g. people, locations or
abstract concepts) and their relationships to other things. RDF data is, in essence, a collection
of statements represented as triples: (subject, property, object). Each triple states the relation be-
tween the subject and the object. The current trend for resources publishing such data is to make
them available through SPARQL endpoints [SPA]].

The evaluation of queries in such environments mainly occurs along two directions: Cen-

tralized systems (e.g., data warehouses or materialization-based approaches) and federation of
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resources. The typical approach in existing systems is to collect large dumps of data (possible
through crawling), to preprocess and to load these dumps in a centralized storage point so as
to allow querying of the merged data locally. For example, the DBpedia project [BLKT09] is
an effort towards this direction trying to extract structured information from Wikipedia, link
this information to other existing resources and make it available on the Web. Although cen-
tralized solutions are advantageous during query processing by providing access to the whole
dataset, these solutions are vulnerable to the growth of the data size ( [HMZ10], [HHK™10]).
Moreover, the pre-processing phase may be time-consuming preventing the leverage of the ben-
efits of Linked Data. Another problem is the synchronization of local copies in the centralized
repositories, especially when the data sources change frequently or the RDF instances are created

on-the-fly.

An alternative approach is the federation of existing endpoints and the implementation of
mechanisms for distributed query processing over a federation of RDF resources [GS11]. During
distributed processing over federated resources, the query is split into subqueries, the resources
are queried to determine the ones with relative data, the query is evaluated against the found
sources directly and finally the retrieved results are merged in the federator. DARQ [QLO8] pro-
vides an engine for SPARQL queries among different SPARQL endpoints. It uses service descrip-
tions for the provided data to acquire information to be used for the optimization of the selection
of the sources during the querying planning. In [HHK™ 10], the authors aims at providing a so-
lution that combines features from completely centralized and distributed approaches. At that
end, they build a Q-tree based indexing structure to store descriptions of the content of the data
sources and use this index to determine relevant sources with high probability. FedX [SHH'11]
provides a framework for executing SPARQL queries over different endpoints. Trying to mini-
mize the forwarding of queries to sources with no relevant content, it uses SPARQL ASK queries
returning yes if a query pattern has at least one solution. Also, special care is given for determining

the join order to minimize the size of intermediate results.

The federation of different endpoints results in additional overhead since the query mecha-
nisms do not have direct access to the whole repository and additional information (i.e. statistics)
to optimize query planning. The lack of common schemas among the different endpoints also
adds more complexity during the query processing, especially when the number of web resources
increases ( [HMZ10], [HHK™10]). The distributed indexing scheme proposed in this thesis can
provide a high performance substrate for implementing advanced techniques for query planning
similar to the ones proposed in [QLO8], [SHHT11]]. As a result, it can speed up the procedure
before contacting the actual sources of the data and tackle performance and integration issues of
Linked Data.
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4.8 PI4LD: A P2P Indexing Scheme ‘FOR’ Linked Data

In this thesis, a system for Peer-to-peer Indexing FOR Linked Data -called PI4LD- is designed
for the efficient distribution of data published according to the principles of the Linked Data,
namely data which are self-describing and contain semantic information. Since RDF provides a
generic, abstract data model for the description of resources, then taxonomies, vocabularies and
ontologies can be used to express more domain-specific information. Apart from the assumed
RDF Data Model, PI4LD supports a more sophisticated data model combining schema languages
as well, such as the RDF Vocabulary Definition Language (RDFS) and the Web Ontology Lan-
guage (OWL), allowing the representation of tightly structured or semi-structured data.

To overcome the limitations met in centralized and federated approaches, a decentralized ap-
proach to index linked data for efficient processing of queries is presented. The described system
can be utilized either as a fully autonomous infrastructure to load, store and query large volumes
of RDF dumps or as a federation overlay for indexing the linked data on top of existing resources
and their endpoints. To achieve this goal, a DHT overlay is utilized to maintain summaries of
the entities and their relationships in a hierarchy preserving manner, while the stored data are
distributed across the participating nodes. The methods developed in the context of LinkedPeers
are customized and adapted to provide the appropriate functionalities to serve the current re-
quirements. The overlay in effect comprises of two ‘virtual’ DHT rings, one for subject and one
for the object value, with property being encoded in the indexing scheme. The indexing scheme
of PI4LD ensures that the least number of relevant nodes will be promptly identified, so as to
reduce the join operations.

In brief, the PI4LD system accomplishes to meet the following requirements:

+ A complete solution for distributing, storing and indexing linked data among commodity
nodes. The system is also able to perform online incremental updates and maintain data in
a fault-tolerant and decentralized manner. There are no requirements for the data to follow
a predefined, strict schema and for intensive processing during the creation and update of

indices.

+ The presented approach offers a transparent layer to the end-user, who can query the stored
data in a unified manner. Queries at different level of concepts and entities can be per-
formed effectively due to the organization of data in hierarchical structures. The adapta-
tion of the indexing granularity among different levels of entities and classes is performed

according to the incoming queries.

+ A thorough performance evaluation proves that the system is appropriate for accommo-
dating different types of data published by different resources across the Web and can be

considered as a viable solution compared to other centralized ones.
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4.9 Data Model in P141L.D

From the advent of the LOD paradigm, most of the data providers have exploited the RDF
model for publishing their data. An important feature introduced in these efforts for publishing
structured information over the Web is the adoption of models based on RDFS and the Web
Ontology Language OWL to represent the semantic knowledge, i.e., to express entities, facts,
relations between facts and properties of relations. For example, the DBpedia community uses a
cross-domain, manually created ontology extracted from the infoboxes within Wikipedia. All ob-
jects (e.g. countries, cities, organizations, people) can be considered as entities, while each entity
is an instance of at least one class defined in the ontology [SKW07]. Classes are also considered
as entities. The property rdf:type is used to state that a a resource (all things described by RDF

are called resources) is an instance (or individual) of a class.

The use of ontologies implies a hierarchical organization of the data, since an ontology repre-
sents knowledge as a set of concepts within a domain and these concepts can be usually arranged
in a hierarchical manner. The arrangement of concepts of an ontology in a taxonomy (or cate-
gory hierarchy) contributes to their use and reasoning [SKW07], [JHST10]. In the studied cases,
the classes of the ontology are arranged in hierarchies and the rdfs:subClassof relation is used to
state that one class is a subclass of another. In the proposed system, the hierarchical structure is
exploited, which is extracted from such data, and it is used to distribute them among the nodes
of the system in a way that preserves the hierarchy semantics and enables more efficient query
resolution. Thus, the data model introduced in this system organizes entities in trees according
to the rdfs:subClassof relationships among the classes that the entities are instances of. All refer-
ences to instances are denoted as entities from now on and it assumed that an entity can appear

either as a subject or an object of the triple.

Figure f.27 shows some triples describing different instances and the relationships that link
them, as they were extracted from the DBpedia dataset. These triples are organized in different
tree structures according to their common values. On the logical level, the grey nodes repre-
senting the schema layer are distinguished from the actual instance layer depicted by the white
nodes. The solid arrows accrued from the rdf:type property and the relationship defined in the
used ontology (the labels are omitted for these edges for readability reasons) while the coloured,
dotted edges visualize relationships among entities and these properties are denoted by the label
of each edge. All edges are directed from the subject of the triple towards the object. For example,
the types of the entity about Athens and its relationship to the entity NTUA are described by the

following triples':

"The URIs are omitted for readability reasons
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Athens rdf:type Place

Athens rdf:type Populated Place
Athens rdf:type Administrative Region
NTUA dbpedia:campus Athens

Greece >,

B \ dbpedia: capitalCity

CCaunty > :
,II
dbpedla campus
.
Region Abped|a capitalCity

bpedia:tenant
2004_Summer
_Olympics

Figure 4.22: A representation of some DBpedia instances

4.9.1 Notation and Definitions

In the proposed system, the data items are inserted in the form of triples as described above. A
requirement posed by the architecture of the system is that a new entity is inserted in PI4LD along
with all the triples defining its types so as the “full path” of the hierarchy of classes describing the
specific entity to be defined. For example, the insertion of the triple (NTUA, campus, Athens)
requires that all triples from the most generic concept to the most detailed one are given for
both entities of the triple. This approach has been followed to provide an extensible and flexible
system, without requiring the existing ontologies to be populated among all the nodes of the
system.

The entities are organized along hierarchies with L; levels of aggregation £;j, where i denotes
the i-th ontology and j (j € [0, L; — 1]) represents the j-th level of the i-th ontology. Level jy is
called the root level for the i-th ontology and its hashed value is called root key and corresponds
to the most basic concept in a domain. Although every individual in the OWL world is a member
of the class owl:Thing and thus all entities should have Thing as a root value, this level is omitted

in the hierarchies and the entities of the next level are considered as the root values.
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It is defined that € lies higher (lower) than €;; and denote it as € < € (i > €) iff k < 1 (k >
1), i.e., if {if corresponds to a less (more) detailed level than ¢;; (e.g., PopulatedPlace < Country).

The values of the hierarchy levels are organized in tree structures, one per root key. Without
loss of generality, it is assumed that each value of £;; has at most one parent in ¢;(j_1). Note also
that the classes of the ontology form a subsumption hierarchy, where the number of levels in each
branch of the hierarchy is not constant. In the proposed scheme, it is a prerequisite that all the
branches of the same root value have the same number of levels so as the re-indexing operations
to be enabled in the same context described in Section B.5. Since in a real-world ontology, there
may be a different number of levels below each node, the missing levels are filled above the leaf

value with “pseudo” values.

4.9.2 Organization of Data

The proposed architecture for a fully distributed system that accommodates linked data is
based on the fundamental primitives of DHTs. In PI4LD, scalable mechanisms are developed for
the distribution, indexing and querying of linked data in a fully decentralized manner.

The distribution of data among the nodes of the overlay occurs in a manner that preserves the
ontology-specific information of each entity, while it also interlinks different entities according
to their properties. The goal in the design of the architecture is that each entity is stored in a
fully-descriptive manner. Thus, the node responsible for an entity stores also all the classes (or
concepts) that are related to the specific entity. According to the DHT protocol, a key needs to be
mapped to each entity inserted in the system, so as the entity to end up to the node responsible for
its key. It is chosen to generate this key by hashing the value of a level of the hierarchy. This value
is referred as pivot value, the generated hashed value as pivot key and its level as pivot level. The
highest and lowest pivot levels of each hierarchy for a specific root key are called MinPivotLevel
and MaxPivotLevel respectively. Since multiple entities can be described by the same order of
classes (or concepts) defined in the followed ontology, each node organizes all the relative entities
in tree structures characterized by a common classes (or concepts) (or entity) in the root level
and the same pivot value.

The resolution of queries searching for linked entities requires that this information is also
stored in the overlay. For example, the query to retrieve the names of the Stadiums that hosted

Olympic Games is:

SELECT ?Stadium ?Event
WHERE { ?Stadium dbpedia:tenant ?Event.

?Stadium rdf:type Stadium. ?Event rdf:type Olympics.}



114 Chapter 4. A Distributed System for Interlinking Multidimensional Data

To achieve the resolution of this query, it is not only needed to find which entities are members
of the classes Stadium and 0lympics, but also which of these entities are linked with the property
dbpedia:tenant. For this purpose, it has been decided to store a tuple containing both seman-
tic and property related information in a local database of the node responsible for the entity
appearing as a subject. In the above example, such a tuple about two of the existing entities of

Figure answering the above query would look like:

(Place, Building, Stadium, Stadium_of_Olympia, Event, SportsEvent, Olympics,
2004_Summer_Olympics,dbpedia:tenant)

where the last value is the property connecting the two entities. The idea is to maintain a primary
virtual ring storing all the information about the triples and a secondary virtual ring indexing the
entities appearing as objects. The pivot keys corresponding to the primary ring are called primary
keys and the tuples are stored in a local database in the primary ring. Due to the fact that most of
the values appearing above the lowest level are common, this property can be exploited for the
design of more efficient schemas than using a simple table with multiple columns. Another factor
to take into account is that the semantic information describing the entity of the subject can be
also found in the tree structure maintained by the node. Nevertheless, the organization of the
local database is beyond the scope of the described architecture and it is not further analyzed.

Another remark to be made is that virtual overlays index only the subjects and the objects.
Thus, the queries containing only properties can be resolved only if these queries are forwarded
and evaluated among all the nodes of the system. The creation of indices for the properties is
omitted due to the fact that properties usually do not adhere to hierarchical relationships. If it
was decided to index them, then their values would be simply hashed and inserted in the DHT
according to the procedures followed for the insertions in a secondary dimension. It has been
also observed that it can be a common occurrence in linked data queries, that at least the type
of the subject or the object is defined [Hal09]. If this is the case, the query resolution can start
from this value and follow the links maintained in the system until it is resolved. Nevertheless, if
the system is about to serve mostly queries only about properties, then an additional secondary
ring can be added to the system as the one for indexing the objects without requiring further
modifications.

During data insertions, the information about the pivot value is vital (only for initial insertions
the pivot level can be selected according to the needs of the application). The design of the system
requires that if a value has been selected as a pivot key during the insertion of an entity, this pivot
key should also be selected as pivot key for every other entity even in the case that it is related
to it with the property rdf:type. To comply with this assumption, a node should be aware of
the existing pivot keys during the insertion of a new tuple. Thus, a fully decentralized catalogue
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storing information about root keys and their respective pivot keys in the network is implemented
in PI4LD. Each root key is stored at the node with ID closest to its value. Every time that a
new pivot key corresponding to this root key is inserted in the system, the root key node is
informed about it and adds it in a list of known pivot keys. The root key node is also aware of the
MaxPivotLevel used during the insertion of its values in the specific dimension.

Initially, the node performing the insertion of a tuple contacts the node responsible for the
root key of the subtuple in the primary dimension. The root key of the primary dimension is
informed about the new entity and indicates the appropriate pivot level (if the same pivot key
already exists, then its pivot level is used, otherwise the MaxPivotLevel). Afterwards, the DHT
operation for the insertion of the entity in the primary dimension starts and the tuple ends up
to the node responsible for the decided pivot key. The node responsible for the pivot key of the
primary dimension stores the entity in the respective tree structure and the whole tuple in its
local database.

The next step is to store the entity appearing as an object in the new triple. The node re-
sponsible for the primary key contacts the node responsible for the root key of this entity and
is informed about the appropriate pivot level. After deciding of the pivot value for the specific
entity, the entity is stored in the tree structure of the responsible node for its pivot key. The object
is associated to the primary dimension through the primary key. Each entity of a secondary tree
structure maintains a list of the primary keys that is linked to. The structure storing the mappings
among the leaf values and the primary keys is referred to as Linked Table. All entities inserted
in the overlay with the same pivot key end up in the same node determined by their pivot key.
The only thing that differentiates a subject from an object is that in the case of the subject the
whole triple can be found in the local database while only a link towards the primary pivot key
exists in the opposite case. Given the importance of owl: sameAs property for querying linked data
from different resources, the links towards the primary ring characterized by this property can
be marked. During updates, the same procedure is followed for the insertion of the new triples.
The additional requirement is to update any indices that may exist for the instances of the classes
that the new entity adheres and lay above the pivot level, if its pivot key does not already exist in
the overlay. Thus a lookup is issued and any related information is updated (see Section B.5.1)).

In the example of Figure f.23, the selected pivot level is ¢; and all the triples of Figure
related directly or not to the property dbpedia:tenant are shown. The root keys of the primary
and secondary dimension for these tuples are Place and Event respectively. The tree structure in
Nod, stores all the entities appearing as a subject in the triples with the property dbpedia:tenant,
while all the objects have formed the tree structure shown in Nodjg. The entities of the lowest
level also have links towards the pivot key of the primary dimension. If a new entity of type
Populated Place is inserted in the overlay, then a new tree structure while be formed in another

node of the overlay and the root key for place will show to this node as well. In case that a new
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Figure 4.23: Distribution of linked data in PI4LD

Olympia Athens

triple arrives containing the entity 2012_summer_Olympics as a subject, then it will also end up in
Nod;p and added in the existing tree (if it does not already exist). The only difference is that a
link towards the primary key will not be kept, but the respective tuple will be added in the local

database.

4.10 Querying Linked Data

The proposed system extends the DHT lookup functionality to provide a distributed mecha-
nism able to allocate any value of the stored triples. Since the system accommodates RDF triples,
it is expected that SPARQL will be used for querying the stored data. The basic type of SPARQL
queries consists of two parts the SELECT clause identifying the variables to appear in the query
results and the WHERE clause that provides the basic graph pattern to match against the data graph.
The basic SPARQL query unit refers to triple patterns <subject, property, object> where variables
might be used instead of specific values for each of the three components. Apart from the SELECT
queries, the SPARQL standard [SPA]] also defines other types of queries, such as ASK, DESCRIBE
and CONSTRUCT queries. Since the presented architecture mainly focuses on aspects regarding the
distribution of the data among multiple nodes and the efficient indexing to enable the resolution
of queries in a fully distributed environment, SELECT statements are studied.

The most basic type of queries that can be posed to the system may contain either a single
value or a combination of values to be searched. The basic type of query that is natively supported

by the proposed system is of the following form:
q = (7s,?0, 7p, restrictions, measures)

The values of the variables s, p and o can either have a predefined value or acquire the value
specified during the resolution of the query. The query may also include restrictions about the
queried values and also measures can be specified for retrieval. Measures are referred to any

other relative information and “attribute” like or datatype properties of the entities, which is not
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indexed in the DHT but it is stored in the local database and can be retrieved. For example, if an
entity is related to an abstract, then this abstract is only stored in the local database of the node

storing its entity. For example, a query about the campus located in “Athens”

SELECT ?s
WHERE { ?s dbpedia:campus Athens.}

is a basic query, which can be expressed with the following internal form in the system:
(?s,“Athens”,“dbpedia: campus®)

In general, the lookup primitive in a DHT overlay allows the retrieval of an item if its hashed
value has been used as a key during its insertion. If an entity inserted as a pivot value is queried
in the system, then the node responsible for this value can be found with a simple DHT lookup.
Otherwise, the native DHT mechanisms are not adequate to locate this entity. Moreover, the
proposed system allows adaptive changing of the pivot levels according to the incoming queries.
Therefore, a node initiating a query is not aware if any of the queried values correspond to a
pivot value. The strategy followed in the presented approach is that the node issues consecutive
lookups for any defined value contained in the query starting from the subject value. If this lookup
operation does not return any result, then a lookup for the object value starts. The idea behind
this strategy is that the lookup operations are not expensive due to their logarithmic routing
cost in the DHT overlays. Thus, issuing an additional lookup is preferable to querying all the
nodes of the overlay. Nevertheless, DHT lookups are not adequate for the resolution of queries
that do not contain any pivot value. For that reason, more advanced search functionalities have
been developed which can be further utilized to enable the search of any stored entity. The basic
techniques for searching entities in PI4LD are the following ones:

Exact Match queries: The queries concerning any pivot key which may appear either as a sub-
ject or an object belong to the category of exact match queries. If the queried entity corresponds
to a pivot key, then a DHT lookup up ends in the node responsible for this pivot key and the cor-
responding tree structure is searched for retrieving relative triples. The tree structures are only
used for resolving queries about a single entity and how it is related with the other entities in the
hierarchy, e.g., a query about all stored buildings (?s, Building,rdf:type) is resolved directly
with the information included in the corresponding tree structure. In all other cases, the query
is evaluated with the use of the information stored in the local database. In case that the local
database needs to be queried and the pivot key corresponds to the subject entity, then the local
database of the reached node contains all relative information. Otherwise, the query needs to be
forwarded across the links towards the related pivot keys found in the Linked Table, so that their

local databases to be queried for the final resolution of the query.
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Flood queries: Queries that do not contain any pivot keys cannot be resolved by the native
DHT lookup. The only alternative is to circulate the query among all nodes and process it indi-
vidually and return the found results back to the node that initiated the query. A simpler flood
procedure is enforced compared to the one enforced in LinkedPeers and the query is forwarded
from one node to its closest neighbour until all nodes of the overlay are visited. Each node re-
ceiving a flood query processes it locally by searching its tree structures and its local database.
In more detalil, if only a single entity is included in the query, then the information stored in the
tree structures is adequate to answer it and the searching of the local database is avoided. In case
that more than one values are queried, then the query is answered directly by the local database.
The tree structures are only searched to find if any of the queried entities are contained so as to
update the respective statistic records maintained for the specific tree.

Indexed queries: During the flood procedure, all the nodes of the overlay are contacted and
thus the acquired knowledge can be further utilized. Towards the exploitation of this knowledge,
the creation of soft-state indices is introduced. When a node answers a flood query, it checks if a
re-indexing operation is needed (see Section fl.11)). If the system decides that a re-indexing oper-
ation is not indicated, then the query initiator starts the procedure of creating soft-state indices
for all the values contained in the query. Since a flood query is circulated among all nodes, the
nodes responsible for the tree structures containing the queried entities can be found. The query
initiator starts the procedure of creating indices by hashing the requested values and inserting
them in the DHT along with nodes responsible for them. The next time that a query is issued
for an indexed entity, the node holding the index is located and the query is directly forwarded
to the node(s) responsible for the pivot key(s) of this value. If the indexed entity appears as an
object and the local database needs to be queried, then the reached nodes return the locations
of the primary ring that are correlated with the indexed entity. The query is forwarded to these
nodes which contacts their local database for its final resolution.

Asin all previous approaches, the nodes storing an indexed entity in their local database need
to know the existence of an index. The bidirectionallity of the indices is introduced only to ensure
data consistency, despite of them being soft-state. During re-indexing operations, the locations
of stored tuples change and indices correlated to these tuples need either to be updated or erased,
preventing the existence of stale indices. It is chosen to erase them, so as to avoid increasing the
complexity of the system. Every lookup for an indexed value renews a TTL value in both sides
of the index and only valid indices are erased during re-indexing operations.

According to the distribution of triples in Figure ft.23, the query (“Building’, “SportsEvent’,?p)
is an exact match query to be resolved in the primary ring, when the node responsible for the
pivot key Building is reached. On the other hand, the query (“Stadium’}'SportsEvent’,?p) is an
exact-match query resolved by the secondary ring, which needs to be forwarded in the node

responsible for Building so as to be evaluated in the local database. During the first time that the
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query (“Stadium’;?p,?0) is posed to the system, it is flooded in the network. Nevertheless, the rest
of the times this query is resolved as an indexed query as long as the soft-state index for Stadium

is valid. Finally, it should be noticed that a query of this form

SELECT ?Stadium ?Event

WHERE { ?Stadium dbpedia:tenant ?Event.
?Stadium rdf:type Building.

?Event rdf:type Olympics.}

e 'Y

is represented and resolved in the system as the query(“Building’;Olympics’;dbpedia:tenant”),
but it is also specified in the query that all the entities of these types need to be returned in the
answer.

The queries posed to the system are translated into the internal representation described
above. Although, any advanced techniques for join optimization has not been implemented yet,
such as using statistics, histograms,etc, some features of the described indexing scheme can be
exploited during the resolution of queries. According to the intrinsic characteristics of RDF and
SPARQL,the resolution of two general classes of queries is analysed. One major class is queries
containing star-shaped subqueries combining several properties of the same entity. In this case,
consecutive lookups are issued for the searched entities until one of the defined entities is found
either as a pivot key or as an indexed entity. When an entity is found, then the whole query is
evaluated in the local database either directly (the found entity appears in the subject of the query)
or after forwarding. Another major category is queries with path expressions, namely “chains”
of triple patterns, where the object of the first pattern is the subject of the next pattern, again
with given properties. If a triple includes the property rdf:type, this is equivalent to merge the
specific triple with the following one, having to perform less joins in the retrieved results in the
described scheme. The strategy followed during the evaluation is that the resolution starts with

the subquery containing specific entities and retrieves the smallest number of results.

4.11 Query-driven Re-indexing

PI4LD maintains the ability to perceive the trends of queries described in LinkedPeers and
the mechanisms for roll-up and drill-down operations are implemented. The procedure for de-
ciding on the need of a roll-up or drill-down operation can be triggered after a flood or indexed
query. In more detail, when a query is flooded, then all nodes of the overlay are contacted and
search their tree structures to find out if a possible re-index operation to the level of any queried
entity is indicated according to the information maintained by them. If more than one entities
are included in a query, then it is possible multiple re-indexing operations to take place in differ-

ent rings. In case that an indexed query is resolved by a node and the specific node has received
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a predefined number of queries using an appropriate sliding window, then possible re-indexing
for the queried level of the indexed entity is considered.

If a drill-down towards a level below the pivot level is required, then the node that detected
this demand proceeds to the required actions, as described in Section f.5. When the queried
value belongs to a level above the pivot level, then each node that receives the flood query checks
if a roll-up will be favourable according to its incoming queries and if this it the case, then includes
this fact to its answer to the initiator of the query. When the initiator collects all the answers and
discovers that at least one node asks for a roll-up, then it gathers information from all the nodes
and decides if a roll-up or group-drill-down is needed, as it has been described in Section B.§ and
Section f£.5. A remark to be made is that in the case of PI4LD, the same pivot key may appear as a
subject in some triples and as an object in some others. Thus, the update of the links among the
primary and the secondary dimensions occurs in both directions, namely both the pivot levels
for the secondary dimension in the tuples of the database and the records of the Linked Tables

are updated.

4.12 Experimental Evaluation

4.12.1 General Setup

The proposed system is implemented on top of a heavily modified version of FreePastry [Fre],
although any DHT implementation could be used as a substrate. The nodes are hosted by differ-
ent physical machines that have a Xeon processor at 2GHz with 8GB of memory running a 64-bit
Debian Linux kernel. Nodes are connected with Gigabit Ethernet and communicate through the
FreePastry sockets. By default, experiments were conducted using a 16-node overlay.

The local databases for each node are setup with SQLite [SQL]. The schema used is a single
table; a more sophisticated schema may also be used to improve the retrieval performance. Yet,
the purpose is to showcase the advantages of a unified distributed indexing scheme for multiple
RDF repositories. Further boosts due to improved performance of the local databases is outside
the scope of the evaluation of the system.

The PI4LD approach is compared to a setup consisting of a central repository (denoted as
virtStore in the Figures) built with the use of Virtuoso Open-Source Edition version 6.1 [Vid],
which is a centralized triple store for RDF data. The specific store is a popular open-source so-
lution for this purpose, while the Virtuoso software is also used to provide a back-end database
engine for the public SPARQL endpoint of DBpedia [DBpa]. The default configuration provided
during the Debian repository installation is utilized. Queries to the store are posed from a client
hosted on a different machine. Queries are executed using the Virtuoso Jena provider [Jen], a

fully operational Native Graph Model Storage Provider enabling Semantic Web applications to
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directly query the Virtuoso RDF store. Before the execution of a set of queries, the system is
forced to drop all filesystem caches; the database is also rebooted to clear any internal caches.

During the execution of a queryset, the database creates and uses its internal caches.

To compare the performance of the two systems, two RDF datasets (Section f.12.7) are uti-
lized and the achieved response times for different types of queries are measured, as described
below (Section f.12.3). The times presented are the averages over 1000 executions, unless stated

otherwise.

4.12.2 Datasets
LUBM Dataset

The basic comparison dataset in the presented experiments is the Lehigh University bench-
mark [GPHO4] (hence LUBM). The specific benchmark generates synthetic datasets of any size
that commit to a single realistic ontology and models information encountered in the academic
domain. The LUBM ontology, while not a large one, has the distinctive property of having a small
number of different values in the most generic level while being extremely wide in the level of
the leaves (i.e., actual entities). The benchmark also includes a set of different query categories
with various levels of complexity and selectivity. A significant characteristic of these queries is
that some of the categories assume the rdfs:subClassof relationship among the concepts. This
property is handled transparently by the proposed system. For the experimental evaluation, a
dataset featuring 100 universities with 18 different predicates has been generated resulting in a

final dataset of 13.5M triples. By default, {5 is chosen as a pivot level.

DBpedia Dataset

For the presented evaluation, the real dataset from the DBpedia project [BLK™09] has been
utilized. The specific dataset contains extracted information from Wikipedia and major effort
has been made to classify this information. The specific ontology [DBpb] is a shallow, cross-
domain ontology with the majority of its branches having at most 3 levels. The dataset used in the
experiments consists of triples defining the type of the entities (i.e., triples of the form < $object
rdf : type $class > from the ontology-based extraction) and triples containing predicates of the
ontology namespace. Triples that describe specific properties of an entity have not been included,
such as titles, abstracts, images, geographic coordinates, etc., since these are only stored and
retrieved from the local database of the nodes. The dataset consists of 6.7M triples for the entity
types and 8M triples for the actual predicates.
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4.12.3 Query Sets
LUBM queries

A set of nine meaningful queries is included in order to provide direct comparison between
the proposed scheme and the centralized store. These queries do not particularly favor any spe-
cific storage scheme and require no complex execution plan® Each category of query is now
described in detail:

Query 1 (LQ1): This query aims to find any person whose type is GraduateStudent and is
related to a specific course (e.g., GraduateCourse®) according to the relationship takesCourse.
The resolution of this query starts with the lookup of the value GraduateStudent. If no results are
found, then the value of the course is looked up and if it is not pivot key or indexed too, then the
query is flooded.

Query 2 (LQ2): This query refers to all publications related through the publicationAuthor
property to a specific professor (e.g., AssociateProfessor®). The difference with LQ1 is that the
class Publication has a wide hierarchy.

Query 3 (LQ3): This query targets the retrieval of all the information related to a professor
that worksFor for a specific university’s department (i.e. Department®). It also queries about mul-
tiple properties of a single class and most of these properties do not link the subject with other
entities: for this reason they are only stored locally in the node of the specific professor (i.e., the
property about the name and the emailAddress). This query also assumes the rdf:subClass rela-
tionship between Professor and its subclasses. Its resolution starts with looking up any of the
values of the subquery that contains the worksFor.

Query 4 (LQ4): This category searches for all Professors that work for any department of a
specific university (e.g., University®) and selects someone only if she is Chair of the department.
Let us note here that, in the LUBM ontology, Department and University lay on the same level.
The approach followed for the resolution of the specific query is to find all the departments of
the specific university at first and then search for the chairs of each department.

Query 5 (LQ5): This query has to find all the persons that are memberof of a specific de-
partment of a university (e.g., Department®). The execution of this query can be done in parallel
if it is splitted into two queries corresponding to the subClasses of Person. In fact, it has been
eliminated the Person from the root level. The majority of entities included in the LUBM dataset
inherit the Person class and thus the purpose was to avoid the creation of a very steep hierarchy
resulting in gathering all the triples in a single node after a possible roll-up operation. The results
for each query are returned back to the node that initiated the query and its union is presented

to the user.

*Query planning techniques can be implemented on top of the proposed indexing scheme. This work does not
deal with queries that require special such strategies
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Query 6 (LQ6): This category of queries is about finding all the entities of a specific class or
subclass, whether they appear as a subject or an object. For example, we would like to find all the
members of the class Student or the subclass Undergraduatestudent. The corresponding query
plan is the simplest one, since only the nodes responsible for the tree structures containing this

value need to be found and return all entities of the lowest level.

Query 7 (LQ?7): The purpose of this query is to find all Students that are related through
takesCourse to the courses taught by a specific professor (e.g., AssociateProfessore). In this
query, Course always appears as an object in the subqueries. The query is answered by resolv-
ing the subquery that finds all courses of the specific proffessor at first. Afterwards, the students

for each found course are retrieved.

Query 8 (LQ8): This query resembles the previous category with increased complexity. It
searches for all the students that are members of all the Departments, which in their turn are
subOrganization of a specific university. In this query, the department appears both as a subject
and an object. To resolve the query, a subquery is first issued to find all the departments of the
university contained in the query. Afterwards, a subquery is issued in order to retrieve any stu-
dent of these departments. Since Student is a root key of the primary key, this subquery is always
resolved by the primary dimension. The existing root index (if it is not the pivot key by itself)
forwards this subquery to the nodes responsible for the triples containing Student as a subject;

these nodes search their local databases to retrieve the students of the found courses.

Query 9 (LQ9): This query searches for all the students that takesCourse a specific course
(e.g., GraduateCourse®). This query is either resolved as an indexed query using the existing root
index for Student or as an exact match in the primary ring, in the case that the initial insertion
level is the root level or in the case that the trees containing the Student have performed a roll-up

towards the root level.

DBpedia queries

Since there is no specific benchmark for the DBpedia set, the queries of the FedBench bench-
mark suite [SGHT11] regarding DBpedia have been adapted, which focus on analyzing the ef-
ficiency of federated query processing strategies over semantic data. Taking into account the
FedBench scenarios, a set of six meaningful benchmark queries with different output sizes has

been designed:

Query 1 (DBQ1): This is a simple query that searches for all the entities that adhere to the
class President, which belongs in level {3 of the DBpedia ontology.

Query 2 (DBQ2): The aim of this query is to find every President with a specific nationality
(e.g., United States) and the political parties they belong to.
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Query 3 (DBQ3): This query finds all Politician entities and groups them by their Country
of residence.

Query 4 (DBQA4): This query searches for all Song entities as well as the artists of that song.

Query 5 (DBQ5): The purpose of this query is to find all the entities of type AmericanFootball-
Player along with their teams and the cities where the teams are based. This is a query, which is
split into two subqueries to be executed in parallel. The first query retrieves all the players and
the teams, while the second query retrieves all the teams and their respective cities. When the
results of both subqueries have been retrieved, they are merged in the node that initiated the
query.

Query 6 (DBQ6): This query searches only for the teams of a specific city (e.g., Baltimore),

and can be considered as subquery of the previous category.

4.12.4 Query Performance over Query Categories

The query response times are presented in Figures .24, f.25 and [.27 for all categories de-

scribed in Section f.12.3. In the generated queries, various values of the constants are queried
(e.g., GraduateCourse0, AssociateProfessor0, etc) choosing uniformly among the children that
adhere to the type defined by the query and average the response times over 1000 iterations. A
single client poses queries to both systems, waiting until the answer(s) are received before posing
a new query. For the centralized approach, the maximum response time per query is also regis-
tered: this corresponds to the time required for the first answer, since the system performs some

main memory result caching to respond faster to the consequent queries.
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Figure 4.24: Performance comparison of the response time(ms) for query categories 1-4 of the LUBM bench-
mark
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Figure 4.25: Performance comparison of the average response time(ms) for query categories 5-9 of the
LUBM benchmark

Figure f.24 depicts the response time for the categories of queries that are mainly of the (?s,
o, p) format, where the subject is required to be of a specific type. Moreover, these categories
of queries have small input and high selectivity. In Figure ft.25, the categories of queries become
more complex and return a large number of rows. The average number of returned triples per
query is shown in the respective tables above the figures. The results show that PI4LD achieves

better response times for all categories of queries.

Even as the complexity of the queries increases, PI4LD manages to resolve the queries ef-
ficiently as shown for queries LQ7 and LQ8, which are path queries and involve more joins.
Moreover, each node holds a smaller portion of the whole dataset and this feature contributes
to its faster processing. Moreover, due to the fact that PI4LD incorporates the whole hierarchy
information, less lookups are performed to discover if a found entity is of the requested type.
These queries are resolved 2.7 and 1.8 times faster compared to the VirtStore solution. LQ5 is
another category which is strongly favoured by the distributed approach, since the query is split
into two different subqueries executed in parallel, resulting in a faster response time of the order
of 15 times. A significant speedup is achieved for LQ6 as well, which is the simplest query that

can be posed to the system: It can be directly resolved by the maintained tree structures.

The selection of the initial insertion level influences the performance of the system for the
resolution of a query only until the required re-indexing operations take place. Figure .26 shows
the time required for answering LQ4 and LQ7 as a function of the sequence of queries, while
{1 was selected as an initial pivot level. The system has been configured to allow roll-up and

drill-down operations to take place after 30 queries have been posed. As it is demonstrated,
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Figure 4.26: Effect of the adaptive re-indexing operations in the query response time of LQ4 and LQ7, when
€1 is chosen as initial insertion level

the performed roll-up operation in the queried trees leads to a major speed-up of the query
resolution for both categories of the queries. After the re-indexing operation, the performance

of the system remains stable for the rest of the followed queries.

Query Cat. || DBQI | DBQ2 | DBQ3 | DBQ4 | DBQ5 | DBQ6
Avg rows || 2239 13 428 | 1279 | 7041 | 303
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Figure 4.27: Performance comparison of the average response time(ms) for each category of queries of the
DBpedia dataset

In Figure f.27, the response times for the categories of queries referring to the DBPedia
dataset are demonstrated. The system is allowed to perform re-indexing operations after 30
queries have targeted the same tree. Since in the VirtStore setup, the database caches the re-
sults of a resolved query, a restart the database takes place before the execution of each query.
PI4LD manages to respond faster than the centralized approach for all categories. The response

times achieved in PI4LD depend on the type of the query and the size of the retrieved data. The
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Figure 4.28: Response times for some selected categories of the DBpedia query workload

PI4LD mechanism used for the resolution of the query also plays a role in the measured response
times. The influence of this factor is shown in more detail in Figure .28, where all queries in-
volve two entities. The queried entities in DBQ2 are not indexed during the initial insertion of
the dataset and this fact results in the flooding of the query during the first time. Afterwards the
entity of the subject is indexed until a drill-down operation takes place (when the spike appears)
and the query is answered as an exact match query in the primary ring from then on. On the
other hand, the entity Politician in DBQ3 is used as a pivot key during initial insertions and
thus it has constant response times during the whole query workload. DBQ5 and DBQ6 can be
considered as similar queries as far as the query about the same entity appearing as a subject
and related entities in the object is concerned. In DBQ5, the object SportsTeam is used as a pivot
key during the initial insertions and for this reason DBQ5 is always resolved with the procedure
regarding exact match query in the secondary dimension. In contrast, SportsTeam appears as a

subject in DBQ6 and thus all queries are answered as exact matches in the primary dimension.

4.12.5 Concurrent Queries

The performance of both systems is tested under increased load posed from concurrent users,
as is the case in most web applications hosting linked data. To achieve this goal, a query workload
of 2500 randomly chosen queries from all LUBM categories is generated. First, the queries are
sent to the systems using a single client. The average response times are shown in Figure f.29. The
proposed system outperforms the centralized approach by answering the queries almost 5 times
faster on average, which is a consistent result to the achieved response times of each category.
In Figure f.30, the average response times are registered when the same workload is applied by 5
concurrent clients. PI4LD manages to maintain its faster response rates at almost the same levels

observed in Figure f.29. The distribution of data among multiple nodes in PI4LD contributes to
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Figure 4.29: Response times for each query of a workload including randomly chosen queries of the LUBM
categories

this fact due to the parallel processing of multiple queries from different nodes concurrently (even
though in the utilized implementation each node processes a single query per time). Moreover,

each node holds a smaller portion of data which can be processed needing smaller amounts of

time.
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Figure 4.30: Response times for a workload including randomly chosen queries of the LUBM categories and
with 5 clients

4.12.6 Scalability of the System

The scalability of the system is tested, when the size of the dataset becomes larger. Figure
37 depicts the load times for inserting four different LUBM datasets generated for 10, 50, 100

and 200 universities respectively. The datasets are sorted and chunks of triples with the same
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pivot key in the primary dimension are inserted in PI4LD. A desirable feature observed in this

experiment is that the load time increases linearly to the size of the dataset.
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Figure 4.31: Load time for different sizes of LUBM datasets (university 10, 50, 100 and 200 respectively)

The impact of the dataset size is also studied for three representative queries of the LUBM
benchmark. The categories of the shown queries in Figure are selected because they are more
complex and assume the ontological information stored in the hierarchical structures of PI4LD.
Thus, these queries cannot be resolved by simple DHT lookups for the hashed values either of the
subject or the object. In the same time, different features of the system can be exploited during the
resolution of each category: LQ5 can be split into subqueries to be executed in parallel and both
LQ7 and LQ8 are path queries requiring multiple joins. The increase in the size of the dataset
causes an increase in the response time for LQ7 and LQ8, but the slope is small. More increased
response times are observed for LQ8, since the query retrieves a significantly larger number of

triples compared to LQ7 and so it is more affected from the increase in the data size.
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CHAPTER 5

Conclusions and Future Extensions

The world is a fine place, and worth fighting for.

Ernest Hemingway

everal challenges remain open on data management in distributed environments. The evo-
lution of computing systems makes the development of applications that could not even
exist some years ago possible. New perspectives are also created for “traditional” applications
with limited functionality due to the lack of computing resources, such as processing power and
storage space. Distributed data management is one of the main current trends mandated by the
advent of web applications, the market globalization, the business process automation and the
increasing use of sensors.

The adoption of DHT-based overlays contributes to the design of scalable, fault-tolerant and
robust platforms able to cope with data-intensive applications in a fully decentralized manner.
Nevertheless, DHTs pose some limitations to the search facilities of such infrastructures and
additional methods for indexing and searching data items are needed to overcome these limita-
tions.

In this thesis, providing seamless access to information published by heterogeneous resources
and improving the quality of search methods are considered as a significant problem requiring
further investigation. The organization, indexing and searching of data is studied aiming at the
development of techniques to speed up the query processing. For this reason, the properties of

the data structure are taken into account for the shaping of strategies that place and organize
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data among the participating nodes in the overlay. The described algorithms and techniques fo-
cus on concept hierarchies and data annotated by them. The multidimensional data model is also
explored in the proposed methods, but the support of partially structured data items differen-
tiates strongly the specific approach from other existing ones. The fundamental type of queries
supported in the proposed approaches is about locating any stored value regarding any level of
the stored hierarchies. Emphasis is also given on supporting simple aggregate queries and and
multidimensional aggregate queries on various levels of granularity.

Another major contribution of this work is also the adaptive behaviour of the indexing tech-
niques to the query trends of the users on a per node basis. As the size of data is growing rapidly,
the exhaustive exploration of all values cannot be completed during a tolerable time period and
the indexing schemes lose their effectiveness. If a system has the ability to adapt to the require-
ments of the users dynamically, then the benefits in the quality and speed of searches can be
significant. Moreover, studies on web-based applications show that skewed query loads (e.g.,
following the zipfian distribution) are a common case, thus a flexible system able to organize its
structures to the shifts of the query load presents advantages.

One of the outcomes of this thesis is highly adaptive, scalable, online techniques for organiz-
ing and indexing data annotated by concept hierarchies. The system that implements the pro-
posed techniques aims at distributing large amounts of data over a DHT overlay in a way that the
hierarchy semantics are maintained. The distinctive characteristic of the demonstrated method
is its adaptiveness and the lack of global coordination: The stored hierarchies are indexed over
variable levels according to the granularity of the incoming queries. Using only limited knowl-
edge, peers decide on the indexing level of their stored tuples so that flooding is minimized.
Moreover, there is no need for off-line updates as the system consistently updates the dataset
online at low cost. The experimental evaluation over multiple dynamic and challenging query
workloads confirms the properties of the introduced methods: The resultant scheme manages to
efficiently answer the large majority of queries using very few messages. It is especially effective
in skewed workloads, adapts to sudden shifts in skew and updates datasets in a fast, reliable and
cost-efficient manner.

Moreover, an interesting application has been described, which can be deployed on top of a
system implementing the proposed methods for the management of hierarchical data. The goal
to achieve is the design of a fully distributed Grid Information System. As a result, a system has
been built that presents advantages over existing approaches. The re-indexing functionality can
be exploited in this use case to enable automatic aggregation of older data and more detailed
views of recent ones.

Another principal focus of this thesis has been the design and the implementation of Linked-
Peers: a system that exploits the above mentioned methods to accommodate data described by

multiple dimensions, which are further annotated by concept hierarchies. Each data item can
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be described by an arbitrary number of dimensions, while the insertion of values for all dimen-
sions is not required. LinkedPeers comprises of multiple ‘virtual’ rings (or real ones with differ-
ent identifier spaces), one for each dimension. The idea behind the design of LinkedPeers is the
creation of an autonomous, “primary” ring for the storage of the inserted data, while a power-
ful meta-indexing scheme is provided by the secondary rings. A query-driven materialization
engine pro-actively computes relevant, partial views of a posed query for future reference, con-
tributing even more to the adaptive nature of the system. Moreover, the indexing granularity is
dynamically adapted to the incoming queries, resulting in the reduction of communication cost
during distributed query processing. The ability of the system to adapt the organization of its data
becomes even more important in the case of multidimensional data, as it is not required that all
inserted values and possible combinations of values among dimensions to be indexed leading to
exponential growth of storage space as the number of dimensions increases. An extended exper-
imental study shows that the system behaves in an efficient manner during the resolution of the
majority of queries, it can be used as lightweight indexing scheme for such data and it adapts to
sudden shifts in the skew by deciding correctly to perform re-indexing operations.

The established methods in LinkedPeers are further investigated and utilized in PI4LD, a sys-
tem that integrates, stores, indexes and queries linked data. The proposed architecture targets
towards two directions: either serving as a system that fully hosts such data or as an intermediate
layer for indexing. The adaptiveness of the system to the incoming queries is maintained as one
of its basic features and contributes to the speed up of calculating the results.

Finally, the resolution of range queries in a more generic framework based on DHT overlays
can be achieved by taking advantage of the properties observed in Space Filling Curves. Without
changing the topology imposed of the used DHT protocol, an SFC-based function can be used
to replace the hash function of the DHT protocol and combine multiple attributes in a single
key used during the insertion of data items in the overlay. A technique based on the ordering
provided by SFCs for the resolution of range and point queries has been described and applied for
the design of a distributed metadata catalogue, which has been used for the search of annotated
multimedia content. It is intended that this technique will be further extended to support range

queries in hierarchical data.

5.1 Future Destinations

Possible research extensions may target various aspects of the proposed systems. Some of
the most interesting issues are described in this Section.

LinkedPeers can be further customized to enable more efficient processing of other types of
queries, especially categories demanding the combination of information dispersed among dif-

ferent nodes, e.g., top-k queries. Therefore, a possible direction of the presented work in this
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thesis is the development of more sophisticated techniques for query planning regarding to cat-
egories of queries that have not been already addressed. Moreover, some aggregated functions
can be inherently implemented in LinkedPeers, for example SUM or AVG, which are widely used
functions in analytic applications. The goal is to facilitate the calculation of a specific function au-
tomatically during the insertion and update of data and to limit the maintenance of information
and indices that are not needed. Furthermore, the already maintained information in LinkedPeers
can be consulted in such a manner that useful information will be extracted, e.g. the knowledge
about the number of links may be used as a metric to classify nodes, so as nodes contributing a
small number of results to be avoided during the query forwarding. In general, the establishment
of methodologies based on ranking of the participating resources could be helpful to estimate
which resources are highly probable to return results for a given query. This estimation can lead
to the exclusion of nodes that do not hold relative items and the definition of the order that nodes

are visited in order to achieve better response times and less communication overhead.

The study of scoring functions for the evaluation of the returned objects after the processing
of a query seems promising. Using the results of these functions may be beneficial during the
routing of queries and for the quality of the results. The implementation of ranking methods can
be utilized for efficient top-k processing, which gains increasing interest in many applications. As
the volume of information increases, the search methods need to take into account the prefer-
ences of the users and “personalize” the returned results. On one hand, results of high importance
to a user may be irrelevant to another user, who posed the same query. On the other hand, the
presentation of a large number of results that are of no interest for the user may conceal the really
meaningful ones. The search methods in LinkedPeers and PI4LD can make use of information
provided by the user to narrow down the search space and select the most relevant results to the
user’s preferences. Such information could be the domain that interests the user, the time period
that the data are published, the resources that published the data, etc.

LinkedPeers has the potential to host other types of semi-structured data as well. Data de-
scribed with the use of XML is considered as a strong candidate. LinkedPeers is appropriate for
the management of semi-structured data and it can be adapted to the requirements of XML
documents. Nevertheless, there are aspects that need to be studied related to the XML appli-
cations. For instance, the distribution of documents among different nodes is a problem to be
investigated. Moreover, the complexity of the structure of the XML data, XPath and XQuery
raise many performance challenges. One direction towards improving the performance of XML
query evaluation is based on the utilization of materialized views storing precomputed query
results. These views increase the speed of answering queries compared to the times of using the
original documents only. The materialization of views is an issue addressed in LinkedPeers and

needs to further explored for the case of XML data.
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Bearing in mind that the proposed systems target also web applications, the heterogeneity of
the resources publishing data is highly probable. This heterogeneity can be further addressed in
both LinkedPeers and PI4LD. Both of the systems can become more flexible and encounter issues
such as supporting schema matching and mapping. The links among dimensions introduced
in LinkedPeers could be further manipulated to extract semantic information and correlations
among values that are not directly related.

Another aspect to be explored is how the ability of SFCs to resolve range queries can be
incorporated in LinkedPeers. Although SFCs require a stable number of dimensions and do not
favor queries that do not include a specific value for each dimension, they can be studied so as
range queries to become more efficient in LinkedPeers.

As far as PI4LD is concerned, the integration of data coming from heterogeneous resources
is an ongoing work. Special emphasis is given to the query planning mechanisms and techniques
applied for federated resources are studied. The proposed system maintains information which
can be further exploited during the resolution of a query. Also, the integration of data coming

from different sources can be further explored.
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KEDAAAIO 1

Eloaywyn

Intelligence is the ability to adapt to change.

Stephen Hawking

dtaxeiptlon Sedopévwy eivat évag onuavtikog Topéag tng Emotiung towv Ymoloytotwy, edi-
H K& e&v AndOei vTOYN TO YEYOVOC OTL 1 €KpNEN TwV Sedopévwy Onpiovpyei o Katvobpyla
TIPAYHATIKOTNTA 0T Ynétaxn enoxn. H alpatadng avénon tov dykov tov Yndiakot meple-
XOHEVOUL eival éva TItYKOOHLIO PALVOHEVO TIOU eTnpedlel pia TANOpa EPapHOy®V Kot TO K-
BloTd pia armd T onpavTIKOTEPEG TIPOKAN oL Twv Texvoloylwv ITAnpopopikng (Information
Technologies). Ta SeSopéva eppavitovtal mavTov Kal peydAol 6ykol TAnpopopiag mapdyovtal
antd SLapopeg epapoyES TNG KaONUePLVAG Hag (whG Kal HeTapEpovTal LEow TOL SIKTVOUL o€ Hot-
KPLVEG a0 TAOELS. TTotkiAeg TINYEG, OTIWG UTTONOYIOTEG, KApepeS, aloOnTrpec,KTA., Anupupilovv
ToV KOOUO pag pe meplocotepa dedopéva tnv kdbe otrypn. H emikpatovoa autr Kat&otaon
artattel véeg Aboelg yior T Sloyeiplon Twv Sedopévev Kat véeg TTpooeyyloelg yia TV avamTTuén

TV LTTOKE{HEV®V VTTOAOYLOTIK®OV UTTOSOU®MV.

TToAéG pehéteg €xouv Ste€axOel yior Tnv avénon tov 6ykov twv dedopévwy oe TOAATTAOVG
TOUELG, CUUTTEPINXHPAVOUEVOD TV ETILOTNHOVIK®V KAL ETIXELPNOLAKOV KAKS0V. Opwg akdpa Kat

otnv kaBnpepvi pag {wr), TTpdyoupe Kal KATAVAADOVOUHE HeYGAa TTOOK YNPLakav dedopévwv
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KAt TNV cAAnAemtidpoon pog pe SLkPpopeg NAEKTPOVIKEG TUOKEVEG. ApaoTNPLOTNTEG OTIWG 1) XPT)-
on Tov AlaSIKTVOU, 0L NAEKTPOVIKEG AXYOPEG, O SIAHOLPACHOG apyeiwV Kot N avalntnorn mAnpo-
popiag ouveloPpépovy atnv avénon Tov 6ykoL Twv dedopévwy. EKTdg armod tn xprion twv mpo-
OWTILKAOV LITOAOYLIOT®YV, GANEG SpaoTnplOTNTEG OTIWG 1) TTapakolovOnon TnAedpaong 1 1 emt-
KOWVOVior HECK TNAEPOVOL £XOULV TIPOXWPNOEL OTNV YNPLoKT ETOXTH KL AITOTEAODV ONUAVTIKO
TIAPAYOVTA 0TV avENoN NG YndLaknig mAnpodopiag mov ammobnkevetat, LeTAPEPETAL Kot AVTL-
ypaoetar. Kabnpeptvég ouvnBeteg éxovv odnynoet otnv Snpovpyia piog véag Ynelakng mpoy-
HATIKOTNTAG, OTTOL Yo Tapddety o povo ta votkokuptd twv HITA éxouv omaoel 1o “ppdypa tov
zettabyte” [GRCT07].

To 810 pavopevo mapatnpeital Kat o€ TOAOUG EMOTNHOVIKOUG KAGSOUG, OTTOU TTOLK{AEG
ePUAPUOYEG [e ATTAUTNOELG Ylot ATOoTENeOHATIKT Olaxeiplon Sedopévwy evpeiag KAIHaKaG €XOUV
KaTary pagei g TOpelq OTwG 1) yewAoyia, N o TPOVOia, 1) AEPOVAUTINYLKT, ) LETEWPOAOYia, 1) TTPO-
PAeyn TOU KAPATOG, 1) LATPLKT) ATIELKOVLOT), 1) XAPTOYPAPNon YeVeTKOV akolovBiwv. Eva tétolo
Top&Setypa eival 1 yvwoTh Tepintwon g palikng mapaywnyng dedopévwy mov oxetiletot pe
10 Worldwide LHC Computing Grid (WLCG) [WLJ], To onoio kataypddet kat enefepydletal
YeYovoTa TIOL TTopayovTal amod toug avixveuTeg Tou melpapartog LHC oto CERN. Ot ynolakég
TiepIAYeLG TwV 0edOUEVOV TIOL KaTaypapovTal artd éva peyalo apliud aiocbntipwv mapayo-
VTaL fe TOV EKITANKTIKO puBuod tng tééng twv terabytes avd Sevtepdiento. H Siayeipion tétolov
puBpol apaywyng dedouévav de pmopei va yivel o€ pio kKevTpikomonpévn AVorn, av Kat ToAA-
TIA& OTASLA PINTPaPIOUATOG AU PAVOLY XDPO YA TOV TIEPLOPLOHO TOL 0TNV T&EN Twv megabytes,
®OTe va eivatl gkt N anoBnikevon Kal enefepyaoio Twv dedopévmv oe pia yewypadpukd Koto-
vepnuévn vitodopr evpeiag KAigakag. H epedva 0Toug Topelg TNG KALHATONOYiaG amtoTeAeL €vav
QKOO ATTOUTNTIKO TOHER, OTTOL ToL TIELPAHATA Yiot TNV €E0HO{WOT HOVTEA®YV, Ol ATTOHAKPUOHEVOL
atoBNTAPEG Kot oL TAATPOPHES TIAPATHPNONG TTApAyoLV eKaTovTadeg amod petabytes dedopévmv
TIOU TIPETIEL VA EVOWHATOOOVVY artoteeopatikd oe pia “¢§umvn vrtodopn dedopévewv” [AHLT11].
Y yevIKEG Ypappég, To petascale computing €xet 0n emipépet T petdPaocn oe Eva véo TpdIto
dtoxeiplong Twv Sedopévwy Ao TIG TEPLOCOTEPES EPAPHOYEG Kot £XEL ANAEEL TIG AVTIARYELS Yot
TG aVAYKeS TV epappoy@V. OL EMOTHUOVES EPXOVTAL AVTIHETWITOL [e TEPAOTIOVG OyKoug dedo-
HEVWV TIOL TILPAYOVTAL ATTO eEENIYHEVA ETILOTHHOVIKA Opyave Kol e€0polwoelS. Ev Tw petaly, n)
Sduvartotnta anobrjkevong petabytes amod dedopéva (e oikovoutko Tpdmo Kat 1 éhevon tou dia-
SIKTOOUL Kol TWV LITOAOYLOT®V LYNAGV ETMIOOCEWY €XEL OOV ATTOTEAECHA TNV AKOUN HEYXADTEPT
avénon tov dedopévwv mov mapayovtal Kat avitypapovtat [BGSOE]. To dpapa Tou “exascale
computing” Oa emipépel akdpa peyallTepeg TpokAnoels, Kabwg Bo mapéxel Ta péoa ylax tn 8n-
HLOUPYIX KOO TILO TIOAVTTAOK WV HOVTEA®V KAL TNV EKTEAECT) TILO AVOAVTIKGOV EEOUOLMOEWY. AUTH
1 VEX TIPAYHATIKOTNTA G00V adopd Ti¢ SuvatdTNTEG TNG UITOAOYIOTIKNG emedepyaaiog Ba On-
HLOUPYTOEL VEEG QTTAITAOELS Yia TNV dlaXelplon, HeETaPopd, AVAALOT) KAl OTITIKOTIO(NON HEYAAWY

Kat BaveHs Katavepnpévwv cuAoyov armo dedopéva [GLOJ].
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Otkatvotopeg TeXVIKEG Yia Tn) Stayeipton dedopévmv popovv va SLad papaTicovy onpHavTIKO
POAO Kl GTOV TPOTIO AELTOVPYIAG TWV ETILXELPTOEWV KAl TwV opyaviopuwy. H ovvnBiopévn avti-
HETWTTLOT) TTOL CUVAVTATAL O TN Plopnxavia Kat Tig entxelprioels eivat n Siatrpnon twv dedopévmv
TOUG O€ TOTIKA& cLoTHpATA artoBnKevanG, Tov cLVRBWE XpNOLHoTIoLOVY TEXVONOYieG P&oewy Oe-
Sopévwv. Opwg, yivetal OMo Kat 1o ouvnOIopévo To e€NG PALVOHEVO: TIETUXNHEVES KAl ATT0d0-
TIKEG AVOELG KEVTPLKOTIONHEVWY Bdoewv Sedopévwy O pimopovy va aviene&éNBouy oTo peydro
dyKo TG mAnpodpopiag mov Tpémel vor SlaXelploToUV. Le TOAAEG TIEPUTTAOOTELG, ) arodrKevon TNG
OULVOAIKTG TIAN PO OpIG TTOL TIAPAYETAL OTTO KATIOLA EPAPHOYT) Eival AITAK AT YOPEVTIKT, OTIWG
oe latpikég epappoyég [MCB T 11]. Tia mapaderypa, Sev eivat Suvato va amodnkevtel mave oo
90% twv deSOUEVKV TIOL TTAPAYETAL ATIO LATPIKEG EPAPUOYEG (TI.X. OAa oXedOV Tar Sedopéva TTov
TapdyovTal and v Kataypadn Twv eyxelproewv). Etot Aowmdy, n véa taon eivat n dnpiovp-
yia Twv KatdAANA@V AOYIOHIK®V epyaleiwy TTOL Htopolv va artofnkevouvy, va diaxelpilovTal
Kal v avahvouy ta ertovopaldpeva “big data” Evag amd toug otoxoug mov ptopei va enitev-
xOel pe tétolov eidouvg mpooeyyioeig eival ) e€aywyn TwV TAOE®VY TTOL ETKPATOVV, OOTE He TNV
eKHETAANEVON TNG YVWONG aLTAG va emttevXBel n avEnon NG MAPAYWYIKOTNTAG KL TNG AVTa-
ywvioTikotntag. Eva tétolo mapddetypa apopd TNy mepinTmon Tng avaAuong oTOLKEIwY ylo TNV
TIPOPAEYN TWV TACEWV OTIG TTPOTLUNOELS TwV TEAAT®V. H e€aywyr) yvaong mouv epmepiéxetat otnv
atoOnKevHEVN TTANPOPOpict EVOG OPYAVIGHOD HE TN XPTION TAXTPOPUDV AVOAUTIKNG eteéepyaai-
G LITOPEL VA ELVOTOEL TIG SPATTNPLOTNTEG EVOG OPYAVIOUOV, AANE TALTOX POV KATASELKVDEL TNV
avAayKn yix avamtun vEwv epyaleiwy Kal LITOSOU®V Yot TNV AVTIHET®IILON TV TPOPANUETOV

IOV TIEPLY pAPTKOLY.

Q0T1600, T0 péco oL GANAEE TOV TPOTIO TIOUL YiveTat 1 TPOoPaot 6TV TANpoPopia Kat Tov
TPOTIO pE TOV OTI0{0 HITOPOLpE Vo EKHETAANEVTOVE TN “OOvapn Twv SeSopévav” eivart o TTaryko-
opog lotog. Z1ig Hépeg pHag, TepdoTiol 6yKoL dedopévmv HeTaPEpovTaL HETK TOU SIKTDOL CUVEX®G
Kot OAoL UITOpoLV va eKTEAEGOUVV avalnTroelg oty “acteipevtn” mAnpodopia ov datiBetal 1o
Awxdiktvo. H mAnpodopia autr) SeiktodoTeiTaon ouvexmg amd Tig Hnxavég avalntnong, oote va
avénBei n TaxLTNTA AVEKTNONG TOV ATTOTEAECUAT®WV AN Kot 1) TOLOTNTA TOUG. XAPAKTNPLOTIKO
mapadelypa anotelel To yeyovog 61t 1o 2008 n etatpeio Google [Gog] avakoivwoe Tt Katdpepe
va 8elkTo80THOEL Eval TPLOEKATOUUVPLO LOTOTENISEG TALTOXPOVA, EVK O AVTIOTOLXOG aplOpdg 1o
€106 2000 ntav éva dioekatoppplo Kat n mpwtn mpoomnddeia mov €ytve To 1998 avapépovtay
ot gikoot £€1 exatoppvpla’. H kataveunpévn vrodopn mou xpnotpornoteital amd to Google emt-
TPETEL OTIC EGAPUOYEG TNG TNV €VKOAN SL&oXL0T) €VOG YPAPOUL He TTOAMA TPLOEKATOHUDPLO ATTO
OoLVOECELS KaL TN Ypryopn Tavopnon Twv dedopévav pe GyKo TToL avépxeTal o€ petabytes. Ola
autd Siadpapatifovtal pdvo kat povo ya va artavtnBei pio amhi avalitnon . Opwg n ovyke-

KpLpévn pnxavr avalntnong dev eivat n pévn mov avtipetwilel Tnv mpokAnomn g Staxeiplong

'http://googleblog.blogspot.com/2008/07/we-knew-web-was-big.html
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HeydAov oykou dedopévav. Ta SiKTuo KOWVWVIKNG SIKTOWONG eival pio GAAN popdr) TNY®V IOV
TipocBéTel véo Teplexopevo pe avfavopevo puBuo. Xto Facebook [fad], mepiocdtepol amd 800
EKATOPULPLX XpNOT®V avePdlovy Teploadtepa artd 250 eKATOUHDPLA GWTOYPAPLOV AV Npépa’.
1o Twitter [Twi], o péoog aplBudg v “tweets” mov GTEAVOULV OL XprjOTEG TOL O€ Hia HOVO Npépa
Eemepvael Ta 140 ekartoppvpla ®. Télog, kabe éva amtd ta 20 exatoppopia apBpa tov Wikipedia
TpoToToLEiTal TIAVW aTt6 30 popEG avd pva Kal TTave oo 8K véwv dpBpwv mpootiBevtal otn
OUVOAIKT GUANOYT) avd Npepa *. Eva akOHA EVTUTIWOLAKO YEYOVAG Efval OTL av Kal HEPIKE Sloe-
KaToppLpta oelidwv eivat dn Setktodotnpéva 010 SIadIKTLO, LTTAPXEL AKOUA VA HEYGAO HEPOG
TOL TIEPLEXOUEVOL TOU TTOL deV eivat TTPOOPACLHO aTtd TIG UNXAVEG avaliTnong Kat eivat yvooTtd
G 10 “Deep Web”. Aapavovtag OAa auTéd LITOYN TTPOKUTITEL OTL ) CLOXETION TNG TTANpoPopiag
art6 SlapopeTIKEG TINYEC SnpLoVpYEl TNV AVAYKT) Yia VEeg pHopdég pnxavav avalitnong [CBBI1].
OL pnXavEG auTEG TIPETIEL VA EfVAL LKAVES VO LTTOOTNPICOLY TTLO TTOADTTAOKOUG TUTTOUG EPWTNHUATOV

TIoL TTpovTTOBETOVV TNV €voTrtoinon Kot To cLVSLATHS TwV SeSopEvmy.

[Mowila oevdpia xpriong amd Siédpopoug Topelg TepLy paPpnKav wg Pactkég mnyég SeSopévwy.
‘Eva ouxvo patvopevo o mapatnpeitat eival 0tLn amoBnkevon ddwv twv Sedopévay o tapd-
yovTat aro Kamola epappoyn Sev elvat TavTo amapaitnn. e HOVTEPVEG EPAPHOYEG, VTTAPXOLY
TOTI0L SeSOHEVWOV TIOL TIAPAYOVTAL YLt HIKPG& XPOVIKA SIACTAHATA, XPNOLHEVOLV Yl EVAX GUYKE-
KPLHEVO OKOTIO (TL.Y. Yl TNV ETUKOWV@Viat HETAED YNPLAK®V CUOKEV®OV) KAL OTN CUVEXELX KOTO-
otpépovrtal. Xwpic avtd va vmoPiPalet Tn XxpnopoTnTa TETolWwV deSOUEVWY, TO GUYKEKPLHEVO
Tapadelypa Tovilel aKOUA TTEPLOGOTEPO TIOCO ONUAVTIKO EIVAL Vo ETITVYXAVETAL 1) €€ ywyT) Xp1)-
otung mAnpogopiog and peydho 6yko dedopévwv mépav and Tnv amin armodrikevon Tov. Meydn
nipoomtdOeta yiax Tnv avamtun véwv pebodwv kat epyaleinwv oToxebel TPoG avTHV TNV KATeLOLV-
on. Onwg avadpépetat 1o [GR11], 0 puBuog dnuiovpyiag petadedopévmy (e AUTOUATOTIOMHEVO
Tpomo Sduthaotdletal oe GUYKPLOT e TNV adEnon Tou dYKOoL TwV TpayHaTikev dedopévav. Eva
obvnBeg mapadetypa eival o ovvexag avavopevog aplopds TwV GToYPaAPLOV OTA HECA KOL-
vvikng Siktowong. Ia va emitevxBei n avalitnon Tovg avantvocovtat eldikd epyaheio ylor TO
OXOA KOO TOUG e XPTIOT TEXVOAOYLOV OVAY VOPLOTG TIPOTHTI®V; SldpOopeTIKA deVv eivat Suvatov

va Stapotpactov Kot va avalntnBovv XIAGOeG pwToYpadieg.

Mia evpéwg StadeSopévn Aoon yia Staxeipion dedopévwv eivat n dnuiovpyio KEVIPIK®V aIto-
BNV AMoyw Tov Stapopwv TTAEOVEKTNHATWY IOV TTpoodépouy. H amobrkevon dlov touv me-
PLEXOHEVOL O€ €va KEVTPIKS onpelo emiTpémet Tr) Statrpnorn piag yevikig elkdvag Tov GuVOAoU

TV amoBnkevpévov edopévawv Kot KabloTd SuvaTr TNy amoTeAeoHaATIKOTEPT) eTIECEPYATIO TOVG.

*http://www.facebook.com/press/info.php?statistics
*http://blog.twitter.com/2011/03/numbers.html
*http://stats.wikimedia.org/EN/TablesWikipediaZZ.htm
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Eniong, 0An n amapaitntn mAnpodopia yia TnVv enilvon piag epatnong eival TpooPAaotn ape-
oa 0To onpeio Tov yivetal n emeepyacia Tng Kat Oe xpetdletal n petapopa dedopévwv avipe-
oa oe StapopeTikovg KOUPoLS. Opwg, o peydhog dykog Twv Sedopévmv ennpedlet apvnTika TNV
aITOS0TIKOTNTA TWV KEVTIPIK®V ADOEWV Kat SI&PopeS “TIPOPANHATIKES” KATAOTACELS HLITOPOVY Vi
TIPOKOYOLV, OTIWG 1 aVENOT) TOL XPOVOUL Yl TN PpOpTWoT Kal enmefepyaoia Twv Sedopévmv Kal n
Hn StafecIpuoTnTA TWV TIAPEXOUEVMOV UTINPETLOV 000 avéavetal ) {Tnomn Toug.

OL “povtépveg” epappoyEg LIOBETODV IO KATAVEUNUEVEG TIPOCEYYIOELG YIX TNV AVTIHETAOTIL-
on T€totov idoug (NTnHdTwv. Ta KaTavepnuéva CLOTHHATA TTANPOPOPLKAG eival Evag SlapKag
avoITTLOOOHEVOG KAASOG Kat Yl autd To Adyo eivat dvokolo va dobei évag akptprg oplopog yo
avta. Katavepnuévol urtohoylopoi Aapfavouy X@po AKOPA KAL O€ VAV TIPOOWITLKO LITOAOYLOTH,
OTI0L SlopOPETIKA HEPT EKTENEONG Hiag epappoyng avaTiBevTal o SlaPopeTIKOVG TTOPOLG TOL
oLOTAUATOG. H ovyKekpipévn StaTpiPr avadEépeTal 0Ta KATAVEUNHEVA CUOTHHATA OTH TAA{OLX
TOU oplopov Trov prtopei va Bpebet otig mny€g [I'S0E] ko [OV1I] g BipAoypadiog: Eva kata-
VEUNHEVO UTTONOYLOTIKO OUOTNHA aItoTeENeTaL atd éva aplpd auTOVOU®Y GTOLXEIWY TIOU gival
elte opoloyevr) eite etepoyevr), StacvvdéovTal pé€ow SIKTOOL Kal HITOPOLV va cuvepyaiovTatl yia
Vv eniluon TV epyactav mov Touvg avatiBevtat. H évvola Tng katavopng uimopei va epappootel
oe Siapopa emineda Bewpnong, aAAd 0T cLyKeKpLpEVN SIATPLPT 1) KATAVOUT TV UTTOAOYIOH®WY
Kal 1 Katavoun Twv dedopévav peletovral. H katavoun Twv umoAoylopev mepthapPdvel Tnv
avabeon SladopeTIKOV THNHATWY piog epyaciog o€ dlapopeTikovg LITOAOYLOTIKOVG KOHPBOUG, Ot
omoiot ocuvepyalovtal yia 1 diekmepainon g. ITapda avtd, n katavoun Twv dedopévav oe
SlapopeTiKovg LTTOAOYIOTIKOUG TTOPOUG ELVAL AUTH TTOL CLYKEVTPOVEL TNV KUPLA TTPOCOXT| O€ aL-
v ™1 StaTpipn.

‘Eva onpovTIKG XOpoKTNPLOTIKO TV KATAVEUNHEV®Y CUCTNHATWY €Vl 1 ATTOPUYT) HEHOV®-
HEVWV ONHelwV TTOL puItopolV va amtoteAécouy onpeia arotuyiog 1 PAAPNG Tov cuvoThpatog. Ta
TelevTaio Xpovia €xouvv mapatnpnOei Stipopa CLUPEVTH OTTOV KOPPOL TTOL TIPEXOLY ONUAVTIKEG
vnnpeoieg va Bétovtatl ekTdG AetTovpyiag AOYw KATIOLOU GYANHATOG 1} HEYGAOL GpOPTOL epyaai-
ag tov képPou [SCLI)]. Ermumhéov, n katavopn tng eneepyaoiog Kat av&KTnong oe TOAATTAOVG
KOpPOULG €xel oav amtoTéNeopa TNV eiTevEn KaAvTepng anmdSoong, eve utopolV va aropevxHovv
Bapéwg poptwpévol 1) avevepyoi KOpPoL.

‘Evag &ANog PaoikdG 0TOXOG TIOV ETUTUYXAVETAL O€ €va KATAVEUNUEVO CUOTNHA EIVAL 1] KA~
TAAANAN TomroBéTnomn Twv dedopévav oe KOPPOUG, EIOIKA OTIG TTEPUTTWOEL OTTOV Ol EGAPUOYEG
EKTEAOVVTAL (L€ KATAVEUNHEVO TPOTIO KAl avTO emmiPaletat amd Ty da Tn pvon TG vAomoi-
NOMG TOUG, OTIWG OTLC SLASIKTUAKEG EPAPHOYEG 1) O€ ETMOTNHOVIKEG edpappoyéc. H katavepunue-
v Staxeiplon Twv Sdedopévwy emiTpénel eploodTepn evelEio 0NV TomoOETNON Twv dedopévav
av&Aoya {e TNV ePaproyT Kal auTo €xel Tebel w¢ amaitnon Kat 6T pey&An TPOKANon yla Tnv
emitevén Tov “exascale” computing [GL0O9]. Eniong, n dnpovpyia mToOAamAdv avitypddpwy Tou

iSlov Teplexopévou prtopel va ouvelopépel onpavTikd otn Stabeotpdtnta tovg. Eva Ao Paoctikod
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oTol eio avaopdg eival OTL 0€ €va KATAVEUNHEVO OVOTNHX CUHHETEXOLV TTOAAOL SlapopeTikol
KoppoL. Xvvenwg To iSlo apxeio pmopel va avtypadei oe diadpopeTikolg KOHPOUG, MOTE vV av-
EnBei n mBavotnTa va mapapeivel kamoto avtiypapo Siabéotpo akdpa Kat av Kamotol kdupot
1efoUV eKTOG Aettovpyiag 1§ LGP oLV TIPOPARHATA CUVEECIHOTNTAG 1) TIEPLOPLOHEVOL EVPOLG
{ovng.

Télog, alilet va avagepbei 4Tt oL Tpooeyyioelg ToL Og XPNOLHOTIOOVV KEVTPIKEG SOHEG HITO-
pOUV va SLOXELPLOTOVY e PEYAADTEPT) ATTOTEAECUATIKOTNTA TNV avEnon Twv dedopévwy Tovg
KOL TOV ATNHATOV TTPOG avTég. Emiong, n) mpoodnkn véwv KOpPwv 6To cUOTNHA YiveTal Xwpig va
Xpetdletort ) OAOKANPWTIKH avadOUN O TOV. ZUUITEPACUATIKE, 1) EMEKTACIUOTNTA elval éva ad
T BACIKAE TIAEOVEKTIUATA TWV KATAVEUNHEVWV TIPOOEYYIOEWV. XT0 TTAKIOLO TNG CUYKEKPLUEVNG
SlaxtpiPrg, 0 mapdyovTag TG EMEKTACIUOTNTAG HEAETATAL WG TIPOG TOV OYKO TwV dedopévwy, To
Héyebog tou dikTvoUL Kat Twv aplBpd Twv mehatmv. Avtd Tov Bewpeital oNHAVTIKO gival N ava-
nTun evOg OLVEKTIKOD cLOTHHATOG TToL Stayelpiletar Ta dedopéva amodoTIKd Kat TapeExeL TIG
UTTNPeaieg TOL (e eviaio TPOTO aveEdpTnTa amod Tov aplipd Twv KOHPwv Tov cvppetéxovy. Ot
XPNOTES Kat oL epappoyEg Se xpetdletal va yvapilovv tnv akpipr) Tomobesia mov eivat amodn-
Kevpéva Ta dedopéva Kot armevBovouy Ta epwTAHATA 0TO CVOTNHA pe ToV dlo TpdTTo oav v
Bpiokovtav TOTIKA.

2t BipAoypadio udpxoLY TTOANEG KATNYOPIEG KATAVEUNHEVOV APXITEKTOVIK®V EKTOG ATTO
10 Paoctko povtélo meldrn - e€umnpetnTn. Ta SikTva OPOTIHWY KOUPWV Kot Tar YTTONOYLOTIKG
[M\éypata prmopovv va Bewpnbolv wg kdrmowax amd ta o Siadedopéva povtéla. Kamoieg amod
11§ Oepedndelg évvoleg epdpavifovtat otny TAELOYN Qo TwV KATAVEUNUEVOY LOVTEN®V, EV® PA-
o€l K&Tolwv dANeg SapoporototvTatl Ta Siépopa CLOTHHATA. XTN CUVEXELX TIEPLYPAPOVTAL T
HOVTEN TTOU GUVAVTOVTAL 0T SIKTLK OUOTIHWY KOUPwV Kal T YIToAoytoTika ITAéypata Se-

dopévou OTL efval AUTA TTOU HEAETWVTOLL KOl XPNOLUOTIOLOVVTAL KAl 0TI CLYKEKPLUEVT SlaTptPr.

Aixktva Opotipewv KopPowv (Peer-to-Peer computing): Ol Texvoloyieg OUOTIL®V KOHP®V XpN-
OLHOTIOLODVTAL YL THV AVATITUEN EMEKTAOIHOY SIKTLAKADV eTKOADYewV. Ot KOpPot cuppe-
TEXOLV OTNV ETUKAALYN HE Evay QUTOVORO TPATTO XwpiG eTtiPAeyn Kot ovpTepipépovTal eite
oav e€unnpetnTéG eite oav meAdteg. H emikdAvyn mov mpokUmTel propei va tpooappdle-
Tat SUVOHLKE OTIG AVAXWPHOELS Kot OTIG apifelg KOUPwV, eV TO SIKTLO ALTO-0PYAVOVETAL
pe e0OTEPIKEG TOU Sladikaoieg. Ta CUOTAHATA OHOTIHWY KOHBWV UITOPODV VA OITOTEAE-
00UV KATAAANAeG AVoeLg Yo Tr) Snptovpyia SIKTVWV SLAUOLPACHOD APXEIWV KAL TIEPLEXOE-
vou gvpelag kKAipakag. EmmAéov, n xprion diktdwv opdTipenv KOpPwv eival emkepdng ylo
ePUPUOYEG TIOL e€XPTWVTAL OUAVTIKE oTTO TOV TPOTIO TTOU Yivetal ) Staxeiplon twv dedo-
HEV@YV, eTteldr) TPOTPEPOUV ATTOTENECHATIKT SPOHONOYNON TV HNVUHATOV, AVEKTIKOTNTA
0e OPAAHOTA, EMEKTACLHOTNTA KAl e§lcOppoOTINON pdpTOL O€ TEPIBAANOVTA evpeing KAL-

pakog. AeSopéVng TNG KATAVEUNHEVNG PVONG TV APXITEKTOVIKOV OHOTIH®V KOUPwV, éva
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ONUAVTIKO {ATNpa eival n opydvemon Twv §eSopévemv o0Toug KOHPoUS HOTe va eaxadalioTel
n StaBeotpdTnTa TOUG KATE TN StdpKeld SUVAHIKGOV aANXY®V TNG TOTTOAOYIAG TOL SIKTVOU
Kt LYNAOL POPTOL epyasiag, Xwpic va ennpedleTat 1 aAmoTEAECHATIKOTNTA TV peBOSwV
avalritnong. Ot vnapyovoeg pooeyyioelg mpooavatoAifoval mpog dvo KatevBvvoelg: Ta
dedopéva TomobetovvTal 6TovG KOUPOULG eiTe TUXAIX EITE [E VIETEPHIVIOTIKO TPOTIO TIOU
kaBopileTal armod 10 XpnOLHOTIOIOVHEVO TIPWTOKOANO. ZNHAVTIKA KATnyopia SIKTO®V Opo-
TIHOV KOHPwV eivat ot Sopnpéveg emikalbyelg mov vhomolovy éva Katavepnpévo IMivaxa
Katakeppatiopov. Ze autryv TNV mepintworn, To TpwTOKOANO TTov XpnolpomoLeital eNéy-
XEL e avoTnpo TpoTo TNV avdbeon Twv dedopévwv oe kKopPoug avabétovtag Toug ava-
YVOPLOTIKA, To OTTO{X HE TN OELPA TOUG AVTIOTOLKI{OVTaL OTA AVAYVWOPLOTIKE TV KOUP®V
pe TN xpron pioag petpikng amootaong [BKKT03]. H katavepnuévn Setktodotnon avtwv
TV EMKAADPEWV TTAPEXEL ATTOTEAECUATIKT VAl TNOT TV aIToONKEVHEVWY AVTIKEIHEV®V
Kat T KaOotd diaitepar SHoPIAr. AlKTua OHOTIHWY KOHPWV éxouv xprotpomolnBei y
Odpopeg SLASIKTUAKEG EGAPUOYEG EVPEING KAIHAKAG, OTIWE Yia T1) SLAVOUT) TTEPLEXOUEVOL

(Bittorent [Bit], eMule [eMu]) kat oe Siktva entkowvwviag (Skype [Skyl).

Ymoldoyiotiko IIAéypa (Grid computing): Ta Ymoloylotikd ITAéypata mpoopifovTal Kuping yia
UTTOAOYIOTIKEG EPAPHOYEC LYNAWY emIdooewV. Mia mhatdpdppa TOTTOL [TAEéYHATOG pITOpEi
va OewpnBei wg éva oUVONO ETEPOYEVOV LITOAOYIOTIKWV KAL AITOONKEVTIK®V TTOPWV TTOV
Stapotpalovtat amd StadopeTikég opddeg xpnotwy. Ta PaCIKA CLUCTATIKA HEPN TETOLWV
UTTAPXOVTWY LITOSOHMV Eival LTTOAOYIOTIKEG CLOTOLKiEC TTOV SlacuvdéovTat pe SikTua LY -
A@V TAXLTATOV Kot aviiKouv o€ SladopeTikovg SlaxelploTikovg Topelg. Ot vToAoyLoTIKOL
Kat arroBnkevTikoi opot SiapotpdlovTat Paoet TOMTIK®V TToL €xouv BeomioTel peTal TG
KaBe opadag Twv XpnoTaVv Kat Twv mapdxwv. H avabeon twv epyaotdv 6Toug KataAn-
Aoug Tdpoug eMTUYXAVETAL e TNV UITapEn KEVTPIK®V onpelwVv eEAEYXOU, Ta oToia dlaTn)-
poLV mAnpodopia (.. aplBpdS TWV EPYATLOV TIOL EKTEAOVVTAL, APLOHOG TWV EPYACIOV
TIOU OLVAHEVOLV TNV EKTENECT) TOUG) YA TO CUVONO TNG LITOSOUNG, MOTE VA UITOPOLY Vi

TIPOYPAHUATI{OUV KATAAANAQ TIG EPYATIES.

1.1 Ileprypadn tov [IpoPAnpatog

H kataveunuévn diayeipion e0opévwy TTPOOPEPEL ETEKTACILOTNTA, AVEKTIKOTN T O€ GPAN-
Hata Kot GAAeg eviiapépovaeg 1810TNTEG o€ epappoyEg mou Staxelpilovrtat dedopéva pLeyahov
oykov. ITapoha avtd, mpokimtouvy Sikpopa {NTHHATH TA OTTOIA TIPETTEL VX AV TIHETWITILOTOVV KO-
Ta& TN oxediaon piog Katavepnpévng TAATGOpHAG, EV® TO €id0G TNG EGAPUOYNG Kol O TUTTOG TWV

dedopévawv mailovv kaboploTikd poro yla TNV apXITeKTOVIKN TToL Bor TpOKLYeEL.
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To mpoPAnpa Tov peAeTdTal o auTHY TN SlaTPLPH) elvat 1) armoteAeopaTikn Staxeiplon peyd-
Aov OYKOU LlepapXIK®V, TTOALSIAOTATOV OedOEVWY TTOL UITOpPEL VA eival Kal HepIK®G Sopnpéva.
OL TexviKég OV avanTioCOVTAUL APOPOUV VITONOYIOTIKA TTepIBAAAOVTA TToL amapTilovTal oo
diktvaka SlaouvSederévous KOHBOUG TTOL AVAKOLV EiTe 08 YewYpPaPIKA SIEOTIAPTOLE TTOPOLG
eite oe vmoloyloTika kévtpa. Ta (nTApaTa oL avTipeTLIlOVTAL eival ) armtodoTIKY evoToin-
on, opydvwon, detktodotnon, enefepyacia Kat evnuépwon dedopévwy oL TTEPLypaPovTaL e
eVVOLONOYIKEG tepap)Xieg. Emmpdobeta, Ta {ntrparta avtd avripetomiCovtal Kat yio dedopéva

TIOAATA@V SIACTACEWV TTOL HITOPEL VA EIVAL HEPIKWG SOUNHEVAL.

Ol evvolohOYIKEG Lepapyieg ouVAVTOVTAL GLXVE 0t epappoyEg “e€dpuEng Sedopévwv” Kal
avaAUTIKNAG enefepyaciag dedopévwy, ol omoieg avallovv TTOMG dedopéva yia TNy e€aywyn
potipwv kat Tacewv [HKOO]. Ta anoteléopata tétolov TOMov enelepyaoiag mpoopilovTal Tig
TIEPLOOATEPEG POPEG YL CLOTHUATA ANYNG aTTOPAoEWV, epyaheiat Yl “business intelligence” kat
TN TPOPHES Yia avalvTiKr) e€0puEn Sedopévmv. AvTo éxel ooy ammoTéNeopa va SnplovpYeiTal N
anaitnon ylx ene€epyacio epOTNUATOV Ue TTOADTTAOKEG HOPPES TTOU TTEPIAAXHPAVOLY TTOAATTAK
enineda avvoyng. H xpron tov tepapxiov kabiota duvatn 1 Siataén tov idlotitwv (attributes)
TIoL LTT&PXOLV o€ pia Paon dedopévmv Kat fondd oNHAVTIKE OTNV 0pY&VWON KAl ENaVaXpnol-
poroinon t¢ mAnpodopiag. Mia evvorodoyixr tepapyia 1y Talvouia opilet pio aAAnhovxio avTt-
ototyioewv amd 1o yeVIKEG O€ O e1OIKEG €VVOLEG. Ol EVVOLONOYIKEG LEpAPXIES EIVAL OHAVTIKEG
YLOTE ETUTPETTOLY TN KATNYOPLOTIOINOT) TNG TIANPOPOPIAG, ETOHEVWG EVKOAOTEPEG AVAlNTHOELG KAl
dnuiovpyieg ovvoyewv. H emhoyr) kat n didtaén twv evvolmv emtedeitat ovviBwg armo Tig idieg
TG ePaAPHOYES Kat aTto TOUG eL8IKOVG Tou K&Be kKAGSov. [a apadetypa, pio evvololoyiKr) Lepap-
xio yix v 180t Ta Tomofeoiar pmopei va mepthapPdvel tar akdlovba eminmeda: Xwpa - MOAn -
086G - Toxudpouiksg Kwdikag, OTIOL TO eTimedo TnG Xwpag avILOTOLKEL OTO TTLO YEVIKO emimnedo.
‘O00 0 6ykog Twv dedopévav avlavetatl Kat n eaywyn Xprioteng mAnpodopiag yivetal SuoKolo-
TEPT), OL EVVOLONOYIKEG LEPAPXIEG LITOPOUV VA GUVELTPEPOLY 0TI 0pYAVWon TwV dedopévmv Kat
Va TIPOOGEPOLV YPIYOPES ETIOKOTNOEL TwV deSOHEVWY AOY® TG WOLOTNTAC Yo SlxTrpnomn ov-
VOyewv TIOL TiepLéxeTat ot Sopn Touvg. EkTdg amod tn xpromn tev epapXtkv Sopwv oTig PAcELg
Sedopévav kat oTig artodkeg Sedopévwv (data warehouses), propotv va BewpnBovv Sikpopeg
GANEG TIPOOEYYITELG, ELOIKA OTAV O SlapoLpacHOG TNG TANpodopiag eKTENEITAL HETAED EPAPHOYDV
Kat vt peotV. [ mapadetypa, ot 110N TEG TV peTadedopévwy Ba pmopovoav va Sopnbovv te-
papxtkd. Eva yevikotepo mapadetypa eivat ol Ta€volieg mouv anotehobyv éva Bepehiardeg pépog

ToL Xnpactoloykov Iotov (Semantic Web).

To moAvdi&oTaTO HOVTENO OedOEVRV Eival Eva SOIKO CUOTATIKO HEPOG TNG AVAAVTLKIG ETTE-
Eepyaoiog dedopévmv. e avTo To HOVTENO, TOAATIAEG IO1OTNTEG avTIoTOLI{oVTaL Oe SloTATELS
TIOL TIEPLYpAPoLV aplOunTiKEG TIpEG (pia 1) ieploodTepeg) TTov ovopdlovtat facts. To mpoPAnpa

TI0L TIPOKUTITEL e Ta TToALSIdoTaTa Sedopéva eivat 6Tt ) av€nor Tov aptBpol Twv StacTdoewv
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éxel wg anmotéeopa TNV ekBeTIK) avEnomn Touv aplBpol TwV OYEWV TTOV HITOPODV VA LTTOAOYL-
otobv. H moAum\okdTnTa Twv moAvdidotatwy dedopévmv avfavel akdpa TEPIOCOTEPO OTAV 1|
k&Oe Siaotaon xapaxktnpiletal and pia Sxpopetikn evvololoyikn tepapxia. Ektdg amd v ev-
peia xprjon tov tohvdidotartov povtérov dedopévmv oe epappoyég Tortov OLAP yia tn Snpovp-
Yio data cubes, avtd 10 povTélo propel va xprotporotnOei kot oe TOAEG dANeg TTepinTROE. [
napadetypa, propei va Bewpnbel 4Tt oL 1810TNTES Y TNV Teptypadn dwToypadlev (6Twg To-
noBeoia, dvopa, npepounvia, Bépa, TOTTOC PpwToypadiag, KTA.) oxnuatifovy éva ToAVSIGoTATO
Xwpo, 61ov k&Be onpelo avtioTol el 0T CLUVOAIKT Tieplypadr Hiag pwTtoypadiag. O TUTOG TwV
EPWTNHATWYV TIOL AVAUEVETAL O€ [ TETOLA EPAPHOYT YA TNV avalnTnon ¢uToypadlov Pdoet
NG TEPLYPAPTC TOUG eival 1) EDPEDT) TWV POTOYPAPLOV TTOL £XOUV TPAPNXTEL O Hiot CUYKEKPLHLE-
v Torofeaia 1) TOL éxouV éva oLYKeKPLHEVO Bépa 1} TTov cuvSLAlovV Kat Tar VO AL TE XAPAKTN-
plotikd. Emiong, To mapadetypa auto Seixvel 0Tl oL TIHEG OAV TV SIKCTACEWV UITOPEL VA NV
elval TAVTA YVOOTEG, TLY. VA [N UTTdpXeL 1) TortoBeaia oTnV Teptypadr) OOV TV pwTOYPaAPLOV.
Hudopnpéva dedopéva (semi-structured data) [Bun97] movu eite mepiéxovv 1o oxrpa Toug eite
akoAovBoVV KATIOl0 UN ALOTNPWG OPLOHEVO OXTHA HEAETWOVTAL Ge JLAPOPES EPAPHOYEG, EISIKK
oe avTég Tov oxetiCovTat pe To Awadiktvo. H Siayxeipion avtng tng Katnyopiog Sedopévwy mepl-
YPAPETOL 0G ia aTTd TIG EMEPYOHEVEG TIPOKANTELG TTOL Ot AV TIHETWTTIGEL 1] KOVOTNTA TwV fACEWY
Sedopévav [AABT08], eve Tavtdxpova urtoypappiletal 0TLn enoxr Twv Pacewmv dedopévwy o
TIEPLYPAPOVTAL ATIO AVCTNP®S opLopéva oxrpata Sivel Tn Béon tng otn diaxeiplon etepoyevav

dedopévav (SnAadn Sopnpévmy, Np-GopnpHéVwY Kot adOpUNTwV) amd SladpopeTikég amobniKed.

Eva é\\o avtimpoowmeutikd mapadetypa mov apopd dedopéva e TIG TTAPATIAV® IOIOTNTEG
ovvavtdrtat 61o Aadiktuo Aedopévav (Web of Data) [BHBLO9], mov mapéxetl T Suvatdtnta ylo
v alomoinorn StapopeTIK®V oLVOAWV dedopévay pEow TG SlacVvEeong Toug. Me Tnv vlobEéTn-
ON TIPAKTIKOV 0aV aUTEG TTOL LioBeTovvTaL oTar Ataouvdedepéva Aedopéva (Linked Data) [Datal
divetat pia peyahn evkatpia ylax T Stacvvdeon mAnpopopiag mov epdavifetal didomaptn oto
Al SIKTLO Kot CUVETIOG Yl TN SLacUVEEDT SIAPOPETIKMV TINYWV O€ Vol TTAYKOOLO VIR0 XDPO
dedopévmv, IOV €XeEL OV ATOTEAECHA TNV XANAYT) TOL TPOTIOV [E TOV OTIOI0 EKHETOAANEVOHAOTE
T deSopéva oto Awadiktvo. H emitevn Staocvvdedepévav mopwv NG KAigakag Tov Atadiktdov
ovvenayetal 0Tt Tae Oedopéva Toug Ba xapaxtnpiCovtat amd vynlovg Pabuovc avopoloyévelag
Kal B oxeTiCovtal pe SIaPpopoug TOUEIS OTIWG (e TIPOCWTIA, ETALPEIEG, TALVIES, LOVLOLKT), TOTTODE-
oieg, k.a.. To ovyKekpLpévo apadetypor Tovifel TNV avdykn yloo TNV LITOCTHPLEN KAl EVOTIOINOT
Sounpévou Kat n-GopnHéVOUL TiEpLeXOHEVOL To oTto{o TalvopeiTal o€ SlapopeTIKEG KATNYOpPieg
Kot TIApAyeTal arto StapopeTikES TNYEG. 26 €K TOUTOV, VEEG TIPOOEYYIOELG TIPOKVITTOVV Yl TNV
AVTIHETWTILON TV TIPOKANOEwV TNG e€aywyng Sopn ¢ amd Tétotov eidoug dedopéva kat TnG ava-

TTLENG peBOSWV YA TNV ATTOTEAECHATIKT) ETIEPWTNOT) TOL ATTOTEAEOUATOG TNG EVOTIO(NONG TOUG.
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H ouykekpipévn StatptPr) otoxevel epappoyés mov Siaxelpifovrar deSopéva twv poppwv mov
TIEpLYpAdnKay Kot ot akoAovBeg Paoikég Katnyopieg StakpivovTal amtd TNV OTNTIKT TTOL apopd

TIG ATTAUTHOELG TOUG WG TTPOG TNV UTTOKE(HEVT) ApXITEKTOVIKN TTOL TI§ GpLhoevel.

+ E¢appoyégmou mapadootakd eKTEAOUVTOL O€ KEVTPLIKOTIONHEVES APXITEKTOVIKEG KOl OITAL-
teitat va emekTafovv Kat va TIPOsaprOoTOLY, KOoTe va pthoevnBolv oe KaTaveunuéveg

(XleTSKTOVlKéC.

+ Epappoyég mou eival Kataveunpéveg ek puoems, Omwg yia mapddetypa didpopeg Siadi-

KTUOKEG KOl ETILOTNHOVIKEG EPOPHOYEG.

Koatd 1o oxediooud evdg katavepnpévov cuoTHHATOG Yia T Staxeiplon dedopévamv, Siapopa
{NTHUATA TIPETTEL VX AVTLHETOTILOTOVY, Ta oTtoia 6UVABWG TTpoKUITTOLY aTtd TN PpVOT TNG SLag TNG
epappoyne. Ao onpavTiKoi TapayovTeg mov efetdlovTal oe autnv Tn SlatpiPr) eivat n Sopr TV
dedopévmv Kat oL TUTTOL TV EPWTNHATWY TTOU eMAVOVTAL ATTO TO TIPOKUTITOV cVoTNHa. H Sopr
Twv dedopévmwv oxeTileTal PE TNV OPYAVWOT) TOUG OTOUG CUHHETEXOVTEG KOHBOUG KAl TOV TPOTIO
mov artofnkevovtal e avTovg. O TUTTOG TWV EPWTNUATWV UTTOSEIKVUEL TIG OTPATNYLIKEG eTte€ep-
yaoiag Touvg Kat TNV entnpdobetn mAnpogopia mov xpetaletat va SwarnpnBei. T mapdderypa, n
enilvon “top-k” epwtnudtov anattel enttpdobetn minpodopia yor TV Katataln TV mbavov
QTTOVTIOEWY, WOTE VO LTTOAOYLOTEL TO TEALKO QITOTENETHAL.

Mepikég ovolmdelg epwTroelg TPog Slepelivon OXETIKA He Tar TTApATIAV® {NTHHATH KAT TO
oxedLaod EVOG KATAVEUNLEVOL CUOTHHATOG, TTOL eTTioNG e€eTAlOVTAL OTIG TTPOTEYYIOELG TTOU TTO-
povaotalovrtal oe avth Tn datpiPn eivat ot akdAovbeg: Iowa dudraly eivau Lo amodoTiky yia THV
opydvwoy Twv Siabéoiuwy KouPwv kat Ty petald Tovg emkowwvie; Iws katavéuovral ta dedo-
péva kar Siavéuovrar oTovg ovuueTéxovres koupPovs Ilwe Ba yivetar n mpoopacy ora dedoué-
va dote va emTvyydveral i bkody avalition ke emavayxpnoyiornoinay tovg Iws umopoly va
evomonBotv dedopéva amé Swapopetikés mnyés Iwg umopovv ta Sedouéva va deiktodornBov
amodotikd AauPavovrag vmoyn Ti¢ LOLOTHTES TV S0PV TOUG, TiG UeTall TOUG TYETELS KAl TiG
EPWTHTELG TIOV 0TOXEVEL TO TUOTHU; TTotor TUTTOL EpWTHUATWY emAVOVTAL ATI6 TO CUOTHUA TIPOS
avantuvly; o atpatnyiky eivar mo KatdAAAY yia amodotiky emelepyaoia epwtnudtwv; 1600
auyvd eviuepdvovtal ta Sedouéva kat ooy emelepyacia eivar amodekTi Katd 1 SidpKeLX TV
evnuepooewy; Ymdpyovv Oéuata ovyypoviouov mov mpémel va AypOolv vrdyy katd T didpkeia
TV EVIUEPDOEWY;

To mhaiolo emKolvwviag Twv CLCTNHATWY TIOL TTpoTEivoVTaL OTN TIapovoa StaTpLPr) Paoci-
Cetat otn xprion DHT emkolOyewv. [ToAég epeuvnTikéG Sovhelég Tovifouv To yeyovog Ot ol
P2P texvoloyieg HITopolV v TTpOGhEPOLY AVTAYWVIGTIKEG ADOELG Y1 TO OXESLAOUO KATAVEN HLE-
VOV OLOTNUETOV YLo ATTALTNTIKEG EGAPHOYES WG TIpOG TN Staxeipion twv dedopévawv ( [LCPT05],
[ATS04],xAm.). Ot LAOTIOIOELG TWV GUOTNHATWY TTIOL TIapovatalovTatl oe autr TN StatptPr) Sev
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e€apTwvTal armo éva ovykekplpévo DHT mpwtokoAo, kabBmg omoladrmote vAomoinon mov mo-
PEXEL TIG Paotkég Aettovpyieg eloaywyrs (insert) xai evromopot (lookup) avTikelpévmy pmopei
va xpnotporownBei. H ermkdAvyn autr) xpnotpomnoteitat wg 1o Paoctkd emninedo yx TNV opydvm-
0N TV KOUPWV TTOL CUUHETEXOVY OTO CUCTNHA He EVa GUVETTH TPOTIO Kal Yl T SpopoAdynon
TV punvopdtev. Ot DHT enikalbyelg emhéxOnkav Adyw g tkavoTnTag TOLG VoL OPYaVmVOLY
TOUG KOPPOUG e oUVETT TPOTIO TTOL TTPoodlopileTatl ATd TO TPWTOKOANO TTOUL XPNOLHOTIOLEITAL
KaB&G Kal TNG I8LOTNTAG TOUG VA ETUTUYXAVOLY AoYaplOpIKd KOOTOG avalnTnong wg Tpog Tov
aplOpd Twv kopPuv. I avtd 10 Aoyo, ot avalntioelg oe DHTs emikalOyelg dev €xouv wg ov-
VETTEL HeYAAN KaTavaAwon epoug (wvng kat ot DHTs emkadUyelg dev avTipetonilovy eowTte-
pLKOVG TIEPLOPLopoVG arto v EANewyn Soprs. To Exnua [T mapovotdlet pio yevikr adatpeTikn
ETILOKOTINOT) TV EMITESWV TWV APXITEKTOVIK®V IOV TapovotdlovTtal oTn Statptfr) pov. Ot KO-
Botopyavavovtat oe pia DHT emkaAvyn), méve o1to Tny omoio VAOTIOLODVTAL OL AelToupYieg Tou

vrootnpiovral yia t Siayeipion Twv amobnkevpévov dedopévwv mouv efetalovTalt.

H kataokevr piag DHT emikdAuyng cuvendyetat 0Tt Tor avTiKe{peva Katapepilovtat 0Toug
KOpPouG Baoel piog cuykekpLpévng Aoytkng mov Kabopiletatl amd 1o avTioToLo TpwTOKOANO. X
kaBe avtikeipevo (data item) avtiotoryiletal éva avayvwplotikd mov ovopdletal kel (key),
TO OTI0[0 0TI CUVEXELX XpnoLpoToLeiTal Yl Tov KaBoplopo Touv kdpPou mou eivat vmevbBuvog yia
auTO TO avTiKeipevo. Eav To KAeldi TOL avTIKEEVOL eival YVWOTO KATA TN TPpooTiadela eVTOTTL-
OHOD TOV, TOTE TO AVTIKEILEVO UITOPEL VA eVTOTILOTEL VKON 0NV emtkaAvyn. [Tapoda avtd, 1
ovykekptpévn 810TNTa Twv DHT emikalyewyv eloqyel Kal KATTOLOUG TIEPLOPLOHOVG. X TILO TTe-
PITAOKOLG TOTTOUG EPWTNHATOV, T KAELSIX TTOL avalnTovvTal PItopel va Unv eival YvwoTd ek
TV TIPOTEPWV KAl VA oVOKOADTITOVTAL KaTH TN StdpKela TG avalntnong. Ooco mo moAvmhoka
yivovTal To epTAHATA, EMUTPOCOETOL HNXAVIGHOL TTOL EMEKTEIVOLV TIG PAGIKEG AeLTOLPYiEG TV

DHT amatrodvTat.

O1DHT emikahvyelg faciCovral otnv Tuxaia avdbeon Tov avTIKEIHEVWY OOTE VA& PNV TTAPA-
peitat 1o pavdpevo KOHPwV pe vYPnAd ¢popto. QoToc0 N TLXAia AvEBeon TwV SedopEvVwY prto-
pel va emnpedoel apvnTIKA TNV artodoaot) Kat To KOOTOG EMAVONG KATTOWV TOTI®WV EPWOTNHATWY.
T mapadetypa, To epTHHATA €DPOLG TIL®V (range queries) amautovy pio SIATAN TOV AVTIKEL-
Hévwv, oote va artodevyBei n Siadoxikn kot exwploth emepwtnon K&be TIErg péoa oTo VPO,
yeyovdg mov Ba €xel ooy ammoTéleopa HEYAAN Katavaiwon evpoug (wvng. H idia mapatrpnon
LOXVEL YO TNV TIEPIMTMON TOV EpWTNHATOY cLVEOpoLonG (aggregate queries), 6TTOL 1] GLVAPTNON
ovvaBpolong vtohoyiletal emi €vog cuvOOL TIHGOV TTOL éxoLV opadortotnBel amd pio cLyKeKpL-
HEVN T piog 181oTNTaG i pic (S1oTNTA. Xe auThv TNV epimTwon, n Sopr) Twv dedopévmv pmopei
va fonBnoet oe mio anodotikn TonoBétnon Kat detktoddTnomn Toug, dnAadn Aappdvovtag vtoyn

KAITOL0 XapakTnplotikd tng Sopng Touvg va opadorotnBoiv kat va avateBov atov idlo kdppo.
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H avtipetomnion auth pmopel va ouvelodépel ONUOVTIKE OTNV TIEPIMTWOT TWV EPWTNUATWY OV-
vaBpotong (1 ovvoyng) Katl eDPOUG TLHWY, OL OTIOIEG elvat Ol KUPLEG KATNYOPIEG EPWTIOEWV TTOU

HEAETOVTAL GTT) OLYKEKPLHEVT) SIXTPLPT) EKTOC aTTd TNG EPWTNTELS YIX KATIOLX GUYKEKPLUEVT TLHT.
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xnua 1.1: Mia yevikij emokénnon tov emmédoV TV apyiTEKTOVIKOV 0V Tapovoid{ovTaL 0Ty ovyke-
Kpipévy SatpyBn

2e YEVIKEG YPOAHUEG, ) XP1OT) TWV GLVAPTHCEWY OLVADPOLONG OE EpWTHHATA ATTOTEAEL pict 8-
HODLAT) Kot ATTOTEAEOHATLKT) TAKTIKT, eWOIKE Yl T AYn artodpdoewy d1ou amatteital n mpoéoPa-
on, 0 cuVSLACHOG Kat ) cUVoyn Twv dedopévwv [WJOT09]. H xpnopotnta towv cuvaptroenmy
ovvabpolong PItopel va eMnpeacTel ot TO YEYOVOG OTL aalTelTaL ApKeTH emeepyacia yia Tov
UTTOAOYLOHO TOovG. H emiluon evog TETOLOU epOTAHATOG amalTel TOAEG Popég va avaktnBovv
TIOAG avTIKelpeva amo pio fdon dedopévmwv yia Tov vtodoylopd Tng ovvdptnong ovvabpolong.
H av€nomn touv dykov TV amodnkevpévaov dedopévav éxel wg CUVETTELX TNV ETLUAKUVOT) TO XPO-
VOU Kal TNV av€nor TG MOAVTTAOKOTNTAG eMECEPYATING TWV EPWTNUATWY KAl Yt aUTO TO AOYO
de XpnOLHOTIOODVTAL KEVTPLKOTIONHEVEG ADOELG AME KUPIWwG TTApAAANAEG KAl KATAVEHUNUEVEG.

O peydhog 6yKkog v dedopévwv KabioTta T Selk1080TNoN OAWV TWV ATTOONKEVHEVWY TIHWV

Kol Twv HeTa&l Toug ovvdvaopmy pia “Sartavnpn” Stadikacia. Edika doov adopd tor ToAvdid-

otata Sedopéva, 0 aplipog OAwv Twv mbavav cuvSvaouwy aviavel ekBeTIKA e ToV aplOpd Twv



1.2. ZupPoAn g AwtpiPrg 151

Siaotaoewv. H tepapyikn Sopr tov Sedopévwv vmootnpilel ek TNG KATAOKELT TNG TN cVUVOYN
TV TIL®V Kat 1 oLYKeKPLpEVN WdTnTa aloTmoteital yia TV TOMoOETNON TV AVTIKEIUEVROV TIOV
nieptypaovtal amnd tnv Sl tipn otov idto kopPo. H emhoyn evog emimédou yia va detktodotnOei
Hrtopei va ammodelxBei MOV amoTeleoUaTIKT, €OIKA av TO emtinedo mov deikTodoTeiTal Tpocap-
noletat oTig amattioelg Twv Xpnotwv. H Abon avtr viobeteital mifpwg o avthy 11 StatpiPn:
n SewktoddTNOoN eival WOLaiTeEPA TIPOCUAPUOOTIKY) OTIG TAOELG TTOL TTAXPATNPOVVTAL OTA EPWTTHOL-
T, v AapPdvel xopa online xwpig vo aratovvTat ToAvmAokeg Stadikaoieg emeepyaaiag 1 n
EMAVAELOAYWYT) OV TV dedopévmwv amd TNy apxr TNG AelTovpyiag TOL GUOTHHATOG.

Q¢ ouvémela TG emAOYNG VOGS HOVO eTESOL TNG Lepapxiag, 0 eviomopdg Tipmv g DHT
EMIKAAVYNG HITOPEL VO EKTENEOTEL HOVO YIX TIG TIHEG TIOL AVTIOTOLXOLV 0€ auTO To eminedo, dio-
GOPETIKA TO epOTNUA TIPETeL va TTpowBnBei oe dAovg Touvg KopPoug Tov Siktvovu. [a avtd To
A\oyo, emnpoobeteg Sopég SelkT0dOTNONG amALTOOVTAL Yot TNV aTTOPLYN TNG “TANHUOPAG” Kat
TALTOXPOVA VA ETILRAPUVOLY TO GVOTNHA HE AOYLKO KOGTOG yia 1) SLoTrpN o) Kot TNV EVIHEPWOT)
TouG. AapPavovTag vtdYn OTL LTTEPXOLY EMTAVAAAUPAVOHEVA HOTIPA OTA EPWTHHATA TWV EPOP-
Hoywv 1ov Bewpovvtat (onwg StadikTvakég kot OLAP edpappoyég), N mTpooaprooTIKOTNTA TG
delkTodOTNONG HITOPEL VA WPEANOTEL TNV ATTOTEAECUATIKOTNTA TOL oLOTAATOG. [l TTap&detypa,
oe pio StadikTvakn epappoyn Otav éva avTikeipevo yivetal Snpodilég, ToTe ) MAelOYNdia TwV
EPWTNHATWV OTOXEVEL TIG TIHEG TOV EMUTESOVL AUTOV. Xe QUTHV TNV TEPIMTWOT), 1 SelKTO0dTNON
TV ONUOPIN@V AVTIKEIHEVWV Eival EMAPKNG YIX VA ETILTAXVVEL TOV LTTOAOYLOUS T®V aITaVTHOE-
OV Kal V& HEIOOEL TO KOOTOG eTMIKOLVOVIAG. )¢ €K TOUTOV, épdaon Sivetal oTnV avantuén Twv
HNXAVIOHQOV YLt TNV TTIPOCApUOYT TNG OelKTodOTNONG, eKTOG amtd Tn dnpovpyior amA®V SEKT®V.
Eniong, amotelei otoxo n darnpnon tTwv Wdotitev tov DHT, wote va un dnpovpynbotv pn
aVOHEVOHEVES TIAPEVEPYELEG OTIWG 1) LTIEPPOPTMOT) KATIOIWV KOUPWV 1| ETOTPORGT 1N aKplPoV

ATIOTEAECUATWV.

1.2 ZvpPoAn tng Awatpifng

e autnv TN dlaTpiPr) mpoteivovTal Katvotopes pebodoloyieg mov emitpémouvy TNV LAoTOINOM
EMEKTACLHWOV HNXAVIOUOV Ylot TNV aItod0TIKY) €VoTToinon, opydvwor, deiktodotnon, avalitnon
Kal evpépwot) dedopévmv oe KaTaveunpéva ovoThpata evpeiag KAlpakag. Ot pnxaviopoi ov-
1ol ouvdualovTal Kal eVOWUATOVOVTAL 6TO OXESLHOUSO TIAPWG AELTOVPYIKAOV CUOTHUATWV TIOV
nipoopiCovtat yia tn Staxeipton dedopévwy ov Xapaktnpilovral armo epapyieg, TOANATTAEG Sta-
OTAOELG KAl ONUAGLONOYIKT TIANpodopia mov Ta meptypadet. Ta kivntpa yiax tnv vmapén tov
TIPOTELVOUEVWV CLOTNHATWV KaBopilovtal amd mpayHaTikés epappoyEg mov Bewpribnrav kat

Yl TIG OTIO{eG TX CUOTHUATA AVTA TIPOCAPUOTTNKAV Kot aElooyriOnKav.

Ot yeviKég apX€G TIOL £VOTIOLODY Tat CUOTAUATA TIOL TIpoTeivovTal oTn SlatpiPn eivat:
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+ OL punxaviopoi TomoB£tnong Kat SelkToddTNONG EMKEVTPWVOVTAL OE LEPAPXLIKA Karl TTOAL-
dotata dedopéva, evar umopolV va vITOGTNPLXTOVV Sopnpéva Kat nut-dounuéva dedo-

Héva pe arroSoTIKG TPOTIO.

+ OL TUTTOL TV EPWTNHATOV TIOU HEAETWVTAL, OTIWG aggregate EpWTNUATA KAl EPWTHUATA
€0POUVG TLHAV AITALTOVV TILO TTOADTTAOKT emeéepyaoia Katl Yo autd To Adyo SnpovpyovvTal

TII0 oVUVOEeTEG AelToLPYieg aTtd ALTEG YLt TOV ATTAG EVTOTILOUO TLHAV.

+ Katavepnpévol Kat armoTeAeoHATIKOL UnXaviopol OelkTodoTNonG avanTdocovTal CUUPK-

va pe T Sopr Twv §eSopévwy Kot TOUG TUTTOUG TWV EPWTNHATWY TTOL GTOXEVOUV.

+ TlpoteivovTal EVENIKTOL UNXOVIOHOL TIOL EMITLYXAVOLV TNV TTPOCsapHOYT) TNG detkTod6TN-

ONG 0€ KATAVEUNHEVEG DTTOOOLLEG.

+ H enefepyaoia tov dedopévav yia tn Onpiovpyia Kat Tnv evipépwon Twv SopmV delkTo-
d6tnong Sev amattei Siepyacieg oL TIPETEL VA YivOuv adpoV SlakoTiel 1 Aettovpyia Tov

OLOTAHATOG.

+ EmdiokeTatl n enekTaoIpoOTNTA TV TPOTEVOUEVOY CUGTNUATWYV 000 ALEAVETL O OYKOG

TwV deSopévwy Kot 0 aplOpog TwV TTOPwV.
OL k0pleg ovveloPpopeg NG datptPrig pov amapiBpovvial wg e€ng:

+ Amodotikég pébodol mpoteivovrtat yia tnv opydvwon, detktodotnom, avalnTnon Kat evn-
pépwon dedopévmv mov akohovBovv evvololoyikég tepapyies. H tomoBétnon twv dedopié-
VWV 0€ KOUPOUG yiveTal pe TETOLO TPOTIO MOTE Vo AT PELTAL ) OHACIONOYLKT) TIANpOdO-
pla TOL TTEPIAAPPAVETAL OTIC EVVOLONOYIKEG Lepapyies. H mpooéyyion yia mn detktodotnon
TIOL ePAPHOLETAL AVTO-TIPOCAPHOLETAL OTA ELOEPYOHEVA EPWTHUATA Kot EVENIKTOL UNYXAVL-
OOl TIPOTEIVOVTAL YIX TT) TTPAYHATOTIO(N O HNXAVIOU®V ENMTAVAOEIKTODOTNONG TTOL EVEPYO-
TIOLOVVTAL avAAOY X e Ta epwTHHaTa. To oOOTNUA TTOL TTPOKUTITEL ElvaL LKAVO VO AV TIAA-
BaveTat TIG TAOELS T epwTHHaTA TToL B€TovTat Kot Tapovatdlel dlaxitepa TPOCAPUOTTL-
K] CUHTTEPLPOPA HETAPAAOVTAG TN OelKTOOATNON HE AVTOHATO TPOTIO, HOTE va avEnBei n
anédoon Kat va pelwbei n kabvotépnon Katd TNV amtdvTnon Twv epwTNUATeV ot diddpopa
enineda ovvoyng. Ot KOpPOL TTOL CUUHETEXOLY OTO CUOTNHUA ATTOPACIlOLY HEHOVOUEVH
yio To eminedo NG OelKTOdOTNONG AVANOYQ HE TA ELOEPYXOHEVA EPWTHUATO KOl EKTEAOVV
TI§ amattoVpeveg SLadIKAGIEG TIPOOAPHOYNG TNG SelKTOOOTNONG HOVO YIX TA TUAHOTA TOL
oLVOAOL TwV dedopévwy, oTa omoia Kpivetal 6Tt Oa éxovv BeTikd amoteléopata. Emumhéov,
pio pébodog ylax online evnuepwoelg Twv lepapxikwv dedopévwy mpoteivetal. H Suokolia

TIOU TIPETTEL VA AV TLUETWTILOTEL Efval OTL I KATAVOT TV AVTIKEIUEV®V 08 TTOANOUG KOpBOUG
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Kat 1 ENewyn Kevrpikomotnpévey dopmv amattovy enutpoobetn mpoonabela yia va arto-
¢aotoTel o€ OO0 KOUPO TIpETEL var KATaAnEeL éva aVTIKEIPEVO Kal TToLor TTANpodopia TTov
Satnpeitat pémet va evnuepwOei. Tia avtd to Adyo elodyeTal £vag KATAVEUNHEVOG KX~
T&GA0oYoG Yl TNV arofnkevorn avtob Tou eidoug NG TAnpodopiag. Oeg avtég ot uébodol
éxouvv ouvdvaoTel Kat vhomrotnBel o€ éva AN pwG AEITOVPYIKO GUOTHHA TTOVL XPNOLHOTIOLE
G Pdon tou pia dounpévn P2P emikavyn, wote va aflohoynei n amoteleopatikdTnTa

TOU Kot 1) arr6d00n TTOL EMTUYXAVETAL.

+ H xpnopdmta avteov tov pedddnv mapakiveital amtd Tnv ITpooappoyn Toug o€ £va a0-
OTNHA TIOL prtopei va e€UTINPETNOEL WG Eva Kataveunpévo ITAnpogopakd Zvotnua (Infor-
mation System) vyn\ov endocewv. To meptypadpduevo ocOoTnpa Snovpyei, EMePWTA Kat
EVILEPWVELEYYPAPEG TIOU TIEPLEXOLV TIANpOdOpia YIx TNV KatdoTaoT piog vitodopng ITAEy-
Hatog (01wg yla apddetypa tov aplipod Stabéoipwy LITOAOYIOTIK®Y pHovESwv, ToV artodn-
KEVLTIKO XWPO,KTA.) Kal HItopeil va artoteréoel i Praatpn Avom og oxéon pe ta mapadoaoto-
K& TTIANPOGOPLAKE CLUOTAHATA Y TETOLOL eidoug vtodopéq. TelpapaTiké amoTeAéopaTa
yio pla mpaypatikn epappoyn accounting mov xpnotpomnotei 1o Grid Information Service
OelXvouV OTLN TTPOTELVOHEVT) KATAVEUNHEVT) XPXLITEKTOVLIKT) HITOPEL VA elvarl atod0TIKOTEP,
d16t1 dev amattei offline emefepyaoia kat e€aleipet onpeia TOV HITOPOVV VA TIPOKAAEGOLY

mpoPArHaTa 0TV artddoon.

+ 'Eva M\ pw¢ AeITOUPYIKO GUOTNHA TIPOTEIVETAL YL TNV ATTOTEAEOHATLKI) KATAVOLT) KOl ETTE-
Eepyaoia dedopévav mov meptypddovTal ammd TOANATIAEG 1810TNTES, SNAAST) TTOAATTIAEG
SlaoTdoELG, Ol 0TToleG SOHOVVTAL [E TN OELPd TOUG ATTO EVVOLOAOYIKEG Lepap)ies. Eva on-
HAVTIKO XOPAKTNPLOTIKO gfval OTL Ol pnxaviopol mov meptypadovtoat dev eaptavTat amo
nipokaBoplopéva, aUOTNP& OXHATA KAl LTTOO TN PIloLY peptk®wg Sopnpéva dedopéva Xwpig
va amattovy kKOpPoug - “pecolaPntég” yio tn petdppoon twv oxnudtov. Iia v amodoti-
K1 €TAVON TV EPWTNHATWY, TO TIEPLYPAPOHEVO OVOTNHA XpNoLpoTioLel pia “evvololoytkn”
aAvoida daxTuldimv Tov armobnkevel TNV TANpodopia. H mpocaplosTikdTnTa TOL OUL-
OTHHATOG OLATNPEITAL WG VO oITO T KALVOTOUX XAXPAKTNPLOTIKA TOv. EKTOG amtd Toug pn-
XAVIOUOUG yia TNV TIpocappoyT TN Setktoddtnong, pia GAAN didtnta 1o dtadoporotel
TO OUOTNHA AUTO ElvalL 1) TTPOTELVOHUEVT OTPATNYIKT Y TOV TTPOUTTONOYLOHO CLVOVATHMOV

and epwTNOEVTES TIHES YL TN HePLKT) DAOTIOINOT HePIK®V OYewV yia HeAAOVTIKT Xprion.

+ OL TeXVIKEG IOV TIpOTEIVOVTAL Yl TN OlaXelplon Twv TTOALSLAOTATWY, LepapXIKmV dedopé-
vV epappolovrat ylo 1o oXedlaopod evdg Lo THRATOG Yl TNV artofrkevon kat avalitnon
onpactoroylkmv Sedopévwy. Meletdtal To 0evdplo Xpriong Twv ndounuévmy dedopé-
VWV TIOV XprOLHoTIolovVIaL yia Tr Onpocievon evog peyahou aplBpot ouvolwv dedopévav.

oto Awdixtvo, nhadn peetovtal ta Linked Data. To cOoTN o TTOL TIPOKOTITEL ivat pia
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KOTOVEUNHUEVT) TTAXTPOPUA TIOL UTTNPETEL TIG avAYKeG Yl atoBrjkevon, OelkToddTnon Kal

enepwtnon dedopévwv mov akolovBovv 11 popdr Twv Linked Data.

1.3 Opydavewon tng Alatpipng

To vtdhourto TG StaTpPr¢ eivat opyavwuévo wg e€Rg:

210 Kepaldaio B mapovoialetal pio emokdnnon twv vmapxoviwv pebodwv Seiktodotnong
Kal avalnnong oe katavepnpéva cvotripata. Emiong, meptypagetal pio texvikn deiktodotnong
nov Baoiletat oe Kapmdeg IMAnpwong tov Xwpov yio mohvdidotata Sedopéva, n omoio xpn-
OLHOTIOLEITAL OTNV VAOTIOINON MG KATAVEUNUEVNG KAl ETEKTAOIUNG LTINpeoiag yia Sioxeipion
petadedopévwv oe vmodopég IMAEypaTog.

To Kepdaio § mpoteivel mpooappooTikeg peBddoug yloo TV Katavopr Kat avalntnon Se-
Sopévav TIov TepLypadovTal atd EVVOLONOYLIKEG Lepap)Xieg. OL TOTIOL TV tepapXIkaV dedopévmv
HedeTwvTat Kat mapovotalovral pebodoloyieg yia Tnv amobrikevon, etkto8dTNON, EMEPHOTNON
Kal evnpépwon tétotou eidoug dedopévmwv oe éva oboTnua Tov xpnotpomnotel pia DHT emikahv-
yn. I8aitepn mpoooxn divetat oTovg akyopiBupoug yia T AYn TV AImoPpAoeny OXETIKA HE TIG
Aettovpyieg mpooappoyng NG SetktodOTNONG OOTE VA TPOCAPHOOTEL TO TITTESO AEMTOUEPELNG
mrov SetktodoTeitat KataAAnha. Eniong mapovoialetat n vhomoinon tov mpotetvopevwy pebodo-
AoYL®V Kal TTEpLypadeTal o TPOTOG pe Tov o1o{o aAANAETIOpOLY O€ vt GUGTNHO TTOL OTOXEVEL
ot Staxeipton tepapyikmv dedopévwv. Emmiéov, Siepevvdtat n epintwon xpriong tov pedodwv
auT@V o€ ¢va Katavepunpévo ITAnpogoplakd Zvotnua yia vtodopég ITAéypatog kat avalvetal
TG AUTH 1) epappoyr) pitopel va bAomownBel pe T Xprjon VoG GUGTHHUATOG He TIG TTPONYOULHE-
veg 1810 1eG. To Kepahato avtd mepiéxel piot avaluTikn melpapatikni atoddynon g armdédoong
€VOG TETOLOL GUGTNHATOG TOCO Yia cuvBeTika Sedopéva Kat oo Kat ylo TTpayHaTIK& dedopéva,
Ta oTTolA TTIPOEPYOVTAL ATTO éva TIPpAYHATIKO [TANpodoplakd ZVoTnpa Hiag vTTapxovoag vITodo-
ung IM\éypatog.

To mpdPANHa TV pHeptkwg Sopnpévmy, olvdidotatwy dedopévwy eepevvatal 010 Kegd-
Aato B. H Becdpnon o1t ta SeSopéva mpog amobrikevon Hitopovy va opyavwBoiv e tepapyikod
Tpomo e€akolovbei va .oxVet. Eva apikd (ATnpo Tov avTideTwtileTal eival n Katavopr) Kot To-
mo0étnon tétolwv dedopévwv 0Tovg Stabéotuoug KOHPOUG ping emkdALYng, doTe va eivat duva-
T 1 eMAVOT EPWTNHATWV TTOL TIEPLEXOLY TLHEG O€ pia 1) TieplocdTepeg Slaotdoelg. Ot puébodot yia
NV eMilvon EPOTNUATWV ONHelwV Kal TwV aggregate epwTNUAT®V avaivovTal. Ot anapaitnteg
TPOTIOTIOINOELG YIX TIG AELTOVPYieG re-indexing meptypddpovTal ®OTe VA LITOPOLY VoL EKTEAETTOVY
o€ €va aLOTNHA, OTIOL 0L SLAPOPETIKEG SLAOTAOELS SelKTOSOTOUVTAL HELOVWHEVH AAAE TAUTOXPO-
va Statnpovvrat ot petald Toug Stacuvvdéoels. Emiong, oe avto 1o Kedpdhato Siepevvdtart n pepikn
vAoTtoinon OYewv avANoYa e Ta EpWTAHATA, TTOL PaoileTat 0TOV UTTOAOYIOUS TwV TIIOAVOV GUV-

SuaoU®V TGV TTOL TTEPLEXOVTAL O EVa EpOTNHA €K TwV TTpoTEpwV. To Kepdhato avto ouveilet
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He TN HeAETT) TOL TTapadelypaTog Twv Alovviepévay Aedopévmy. X1 ovvéxela akolovBel ) me-
pLYPAPT) TNG APXITEKTOVIKNG VOGS CLUOTAUATOG Yia TN dtaxeipton Nut-Sopnpévav SIadSIKTLAK®V
Sedopévamv o SnpocteLOVTAL ATTO ETEPOYEVEIC TTOPOUG Kt TIEPLYPAPOVTAL TG OVTONOYIEG OTN)
Hop¢n Twv Atacvvdepévaov Aedopévwy. H amddoon kat Twv 0o cuoTnpdtwy afloloyeital oTIg
avtioTolyeg Evotnreg Tov ovykekpipévouv Kepaaiov.

To Kegddaio f§ mephapfavel Ta CUUTTEPACHATA TIOL TTPOEKLYaV aTtd Tn SxTpLPr) Kot Tept-

YPAPeL TEPIANTITIKA peptkéG TOAVEG TTPOEKTATELG TwV DepdTwY oV peleTOnKav.
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KEDAAAIO 2

Alxxeiplon Aedopévwv pe xprion Texvoloylov
Opotipwv Koppwv

L Teyvoloyieg P2P éxovv yprowomoinOel evpéws ws ADTeLS yia T SnpLovpyia KATAVEUNUE-
O VOV CUOTHUATWV TIOV TIPOOPHEPOVY ETIEKTATUUOTHTA KAl AVEKTIKOTHTA 0 opaluara. XTig
UTTAPYOVTEG EPAPUOYES, 1 TTLO SHUOPLAG XpHoN TouvS eivar yia TH Snutovpyia cuaTHUATWY dla-
HOLPaOoUOD apyeiwv maykéouias kAipaxag. Qoréoo, j viobéTnon twv P2P teyvikdv Exel pelety-
Oci eKTEVAG ATIO TNV EPEVVHTLKY KOWOTHTA Kal o€ AALOUS TUTTOUS epapuoy@v. Aidpopes epyacies
ETILKEVIPOVOVTAL OTHV EPAPUOYH TWV TEYXVIKOV QUTAV T€ KATAVEUNUEVES Pl el Sedouévav Kat
KaTaveunuéva ovothiuata OeikT000THONS Kot avaliTnons dedouévwv. Xe avto to kepdlato ma-
POvaLALETOU Uiat ETILOKOTINOY TV VTTAPXOVIWY P2P 0UGTHUATWV TT0U ETNIKEVIPOVETAL KUPLWS TTLG
Sounuéves P2P emixadbyers. Emions avalvoviat or faoikés Evvoles Twv Sounpuevwy / adopuntwv
P2P gmka\Uyewv kat ta vrdpxovia mpwrokolda, eve diverar ibiaitepy éupacy ota DHTs. AAa
(nripara mov mepLypd@ovial oe auté 10 KePdAaLo eivar oL SiEPOPES TIPOTELVOUEVES TEXVIKES Yid
ovothpata SeiktodoTHoNG TTov Padi(ovrar oe DHTSs kaBw¢ kat n kataveunuévy Setktodotnon mo-
Mvdidoratwy dedouévwv. EmmpooOeTa, mapéyeTal Kol yick ETLOKOTTNOYN TV PATIKOV EVVOIRY TV
Texvoroyiayv ITAéyparog. Tédog, mpoteiverar pia texviky SetktodoTHONS Mov Paci(eTar oe Kaumo-
Aeg ITAnpwons Tov Xdpov (Space Filling Curves) yia ti detktodotnon uetadedopévwy (metadata)

IOV TIEPLY P POV axoMacuévo mepiexopevo (annotated content).
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2.1 Emkaloyeig Opotipov Koppov

Ol teyvoloyies opdTipdv koupwv (Peer-to-peer computing) €Xouvv yivel amodeKTéC eVPEWG
G Hiot CUHTTOYTIG, EVKOAWG AVOTTTUOOOHEVT KL QUTO-0PYAVOUHEVT AVOT) TIOL HUITOPEL var XpnolL-
porrotnBei yia T Snplovpyia MANPWS KATAVEUNUEVOV KAL EMEKTACIHWY oLOTNH&TOV. H avtd-
opYydvwon Twv P2P SikTdmv ammodeikvieTal aatd TV IKAVOTNTA TOLG “va TTpocappolovtal auto-
Hata oTiG adifels, amopakpLVoEeLg Kal amoTtuXieg Twv KOpPwv” [RDOT]."Eva dA\o onuavtiko xa-
PAKTNPLOTIKO AUTWV TV CLOTNHATOV eival 1 EANewyn KevTpikwv dopwv (centralized structures)
TIoL eAéyXouv Ti§ Kpiotpeg dtadikaoieg mov ektehoUvTaL KATa TN Aettovpyia Toug. Kdbe koppog
TIOU CUHHETEXEL OTNV ETUKANVYN aVaPEPETAL WG “OUOTIUOG KOUPOS” (peer) Kal HITOPEL Vo CLUTTE-
pLpépeTal eite wg mMeENATNG (client) eite wg e€umnpetntng (server) pe avtdovopo tpomo. Ta peers
OULVELOPEPOVV OTO CVGTNHA TOVG TTOPOLG TTOL SlaBETOVV, OL OTTO{0L XPTOIHOTIOLOVVTAL He TUVEP-
YaTIKS TPATIO YIx TNV eKTENEOT) AELTOVPYLOV MOTE VA ETUTUYXAVETAL KATAVEUNUEVT eTeCepyaoia
Kat aroBnkevorn. Mia P2P emikavyn eivat Suvatd va Aettovpyet xwpic emiPAeyn Kot KeVTpLKo
OUVTOVIOHO KAL VA TIPOCApHOLETAL SUVAIKA O aTtpdopeves adiCelg Kat avaxwproelg KOuPwv. Av
Kol LITEAPXOLY TTIOAMATTAEG DAOTIOCELG TIAPWG KATAVEUNHEVWY GUOTNHATWY, 0T PLBAoypadia
éxouv mpotabei kat kKamota P2P cuotrpata pe Kevtpikég Sopég, eldIKa KaTa TIG TIPWTEG GATELG
NG epddviong Twv P2P texvoloylav. e avtég Tig kevrpikomoinpéves P2P mpooeyyioelg, évag Ke-
VTPLKOG server (1) TOMAITAEG VTTOGTAOELG AUTOV TOU Server) XpnotpoTtoLeital (XpnoLpomolovvTat)
Yot TIG AelTovpyieg TOL GUOTAHATOG TTOL eival (wTIKAG onpaciag yor avTd. Ta mapaderypa, pia
TETOLX KEVTPIKT) SoUn TapéxeL TNV LT peoior KATaAOyoU e Tig Tortobeaieg Twv amonkevpévay
dedopévwv otny mepintwon tov Napster [SGGO3]. H Sour) autr epotdtal yo Ty €0peon Twv
KOpPwV Tov eivat vtevBuvol yia Ta dedopéva pog avaxtnon. IMapoda avtd, n vapén TéTolwy
KEVIPIKOV ONHelwV Yl TN Slatrpnomn TANpopopiag Tov apopd To GOVONO TNG LTTOSOUNG GLVH-
Bwg 0dnyei o€ pun eMeKTACIHO CLOTHHATA, SedOHEVOL OTL OAN TN Kivion Tov SIKTOOUL TTEPVAEL ATTO
éva Koo, yeyovog mtou tov kabiotd mibavo onpeio amotuyiog (single point of failure). Ze yevikég
YPOUHES, TA KEVTPIKAE OTHEIR TTOV CUYKEVTP®VOUV KPIOLHn TTANpopopia TPETEL VA aTOPeVyOVTAL

0€ KOXTOVEUNHEVES APXLITEKTOVIKEG, EPOTOV aUTO eival EPIKTO.

Ot katavepnpéveg epapoYEG TTOL EKTEAODVTOL 08 APXITEKTOVIKEG TUTTOU P2P atoTelovv éva
EVEPYO EPEVVNTIKO TTESI0 KUPIWG AOYw TOL XAPAKTNPLOTIKOV TNG EMEKTACLUOTNTAG TTOU ATTOPPEEL
atd TNV LIOBETNON TOL TOKEVTPWHIEVOL HOVTENOL eAéyxou Twv P2P cvotnudtwv. H mo 8n-
HOPIATG KaTnyopia epappoynv mov otnpiletal oe P2P Siktua emikevTpmveTal 0To dlopolpaod
apxeiwv oe yewypadlkd Katavepnpéve ovotnuata evupeiag KAipakag. Kdmowx avrimpoowmnev-
TIKG& TTapadelypata epappoy®v avtol Tov TOTov eival Ta e€r¢: Gnutella2 [Gnu], Kazaa [KaZ],
Bittorent [Bit], eMule [eMu], iMesh [IMe]. Qotdoo, pepika amd Ta aflohoya XapaAKTNPLOTIKA
mov emidetkvvovv T P2P ovotruata, omwg n aveniPAentn Aettovpyio Toug, 1 SLVALKT TTIpO-

OPHOYT) TOUG OTIG 0ANXYEG TNG TOTOAOYING, 1) EMEKTACLHOTNTO TOVG KOl 1) AVEKTIKOTNTO TOVG
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oe oparpota KabioTov TIg P2P texvoloyieg KatdAAnAeg yia Tnv avamtuén moAov dadikTuo-
KOV EPAPUOYDOV KAL EGAPUOYDV ATTALTNTIKWOV WG TIPog TN dlaxelplon Twv Sedopévwy. XTIg Tre-
PLOCOTEPEG ATTO AVTEG TIG TIEPUTTWOELS, 1) TIPOGEYYLOT) TTOL aAKOAOUVBEITAL ival 1) KATAOKELT {iagG
P2P emuk&Avyng méve arto Tn Lok Tortoloyia Tou SIKTVOU, 1 OTTolx XPNOLHOTIOLETAL Yial TV
vAoroinomn StapopwV AELTOVPYLWV TTOL ATTALTOVVTAL ATTO TIG EPAPUOYEG TV SLAPOPWV TOHEWV.
T mapdderypa, ot P2P texvoloyieg éxouvv xpnotpomoinBei yiax tn dnpovpyia SIKTOwV yia Stor-
vopr meplexopévou (content delivery) kot ouvvexr| por| dedopévwv (streaming), yia T cvoTAON
SIKTOWV KOVWVIKNG SIKTOWOTG, LA TNV TTAPOXT) KATAVEUNHEVWY UNXAV®V avalTnongG Kal yLor T
Snpovpyia Siktvwv emikotvwviag. To Skype [Sky] eivat pia and 1i¢ 1m0 yvwotég P2P epappoyég

OTOV TOHEN TV ETILKOLVWVLAOV TIOL XPNOLHOTIOLE(TAL ATTO EKATOUDPL XPHIOTEG.

T v emitevén piag ovykekpipévng epyaciog oe pia P2P ek vyn amatteitot ) entkovw-
vio evog peer pe AANOUG TTOU ETITUYXAVETAL [E TNV AVTOANAYT) HNVUHATOV Héow TwV Stabéotpwy
Sl eV emikovwving, oL omoiot avamaploTwvTal wg ovvdeouor (links). Eva onpavtikd epotnpa
Tov TiBeTot oxetileTal pe Tov TPOTIO 0pYAVKOONG TwV peers Kat Twv LeTad Toug links mov Ba dn-
HovpynBovv. Av kat vtépxouv TTotKileg LAOTIOOELG Yo P2P emkaADYelg OTIwG avapEpeTal OTIG
nehéteg [LCPT05] kot [ATS04], Svo Paoikég khdoelg P2P emkalvyewv Eexwpilovv: ASOpnTEG
(Unstructured) kot Aopnpéveg (Structured) emikalvyelg. Ot adounres emxalvyeis v anaitovv
N 0pYavwon Twv oLVEEopwY oOpPwva pe pio ovykekpipévn dopr [KXZ05], ever dev vmépyovv
KEVTPLKOL KaTaAoyoL 1) KaTtolor GANN popdn} eEéyxou emi Tng Tomoloyiag Tov dIKTOOU 1 TN TOTTo-
Bétnong Tov apyeiov [LCCT02]. Ot addunteg emkalvyelg Bacilovtat Kuping o€ Tuxaiovg atyo-
piBpoug ylor TNV KATAoKELT TNG TOTTOAOYIAG TOUG. Xe AUTEG TIG TTpooeYyioels, k&be peer diatnpei
piot MoTa TwV YEITOV@Y TOU Kal 1) TPOKVTTTOUoN SIKTUAKN ETIKAALYT TTpocopotdlel £éva Tuxaio
ypdopo. Onwg neptypadetat otnv epyacia [RMOE], o evromniopdg (lookup) evég amobnkevpévou
AVTIKELHEVOU KATAANYEL O€ “TANUHOPA” TOL avTIOTOLXOL AUTHHATOG 0TO S{KTVO. AVOAUTIKOTE-
pa, éva TETOLO epWTNHA TTpowbeital armod évav kdpPo oto yeitova Tov, eve Kabe kdpPog Tov To
Aappavel Tpoxwpdel GTNV AITOTIHNOT TOL TOTIKA PAOCEL TOU TTEPLEXOUEVOU TTOL atoBnkevel. [a
NV aroduyn TG eMPAPLYVONG O€ LNVOHATA Kol 0e enefepyaoio ammo un avaykaio Kivnon éxovv
avamntuxOei pébodot mov oToxeboLV OTNV TEPLOPIOPEVN EKTTOUTTH HNVUpAT®V (broadcast) kat pé-
Bodot “Tuxainv meputdtov” (random walks) [TRO6]. Ot adéunteg emkalyelg Sev emPaAlovv
™ Stachvdeon NG Tomoloyiag Kat Twv dedopévmv, av Kal 1 Tomoloyia Tov TPOKUTITEL HITopel
va xapaktnpileTal amd KAmoLeg IOLOTNTEG. VVETIWG, N TTPOCEYYLoT auTh tapovotalel pia aduva-
pio oty e€umnpétnon epotnuatwy yia dedopéva mov dev epdpaviCovy TOAATTAG avTiypada; Ta
EPWTHHATA ALTH ATTOCTENNOVTOL O€ VA PEYAAO aplOUd amtd peers Kot auTO €XEL WG ATTOTENETH
v vrtepPoAiKn KatavaAworn ebpoug (dvng. Emumiéov, dev umapyouvv eyyvroelg Tt Oa PpeBovv
pn dnpodrny Sedopéva r) Sedopéva mov armrodnkebovTat o€ ATOUAKPLOHEVOUG KOHBOUG AGYw TOL
TIEPLOPLOHOD TOL “opilovta” avalntnong mov emPBAANETAL, VG O EVTOTILOHOG OXETIKOV AVTIKEL-

HéVV prtopel va aroteéoel TpoPAnpa 6co avfavetal to péyebog Tov Siktvov. Mia vfpidixr
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(hybrid) mpocéyylon pmopei va akolovOnBel oe avTv TNV KATNyopia eMKOADYEWY, OCOHPWVA
pe TV omoio BewpolvTal K&ToLoL peers wg “loxupdTepol” Kot artokahovvTal superpeers. OL peers
avTol oupmeplpépovTal wg “brokers” otovg omoiovg mpookoAAovvTAL TA KAVOVIKA peers, OToy
evtdooovtat oto diktvo. ONol 1) eMKOVOVIA ATTO KAL TIPOG £Va KAVOVIKO peer yiveTal Héow Tou

superpeer (e Tov onoio cuoyetiletal.

O dopnpuéves emxalvyers emiPpdAlovv pia “avotnpn” Tomoloyia, SnAadn To cOVolo Twv
ovvdéoewv peTa€l Twv Hedwv Tov P2P dikthou edéyyxetal amd 1o MpwTdKoANO TToL akolovDei-
Tat, eve Tor Sedopéva dev KaTavéHovTal He TLXAIO TPOTTO 0TOUG KOUPOoUGS, alAd TortoBeTovvTal
O€ GUYKEKPLUEVEG TOTIOOETIES, HOTE VX KATAGTHOOVV EVKONOTEPT) TNV ETHAVOT TWV EPWTNUATOV
mtov B akolovBrcovy [LCCT02]. Ot Sopunpéveg emkahOYeLG eivat AydTEPO EVENIKTEG KAL ETTL-
BaAetal eminpdobeto kKOOTOG Yiar TN Statrpnomn TG Tomoloying, el8IKE Katd TNV AdiEn Kat TNV
avax@pnon Twv KOpPwv (Tr.x. amatteital n evnpépwan TV MvaKkwy Spopoldynong). Evtottolg, n
antdd00m TV TEXVIKGOV avalnTnong PeAtiovetal, emeldn n entkaluyn KataokevdleTal cOUPOVA
pe pia vreteppivioTikn Stadikaoio Kat n tomobeoio evdg avTtikelpévou popel va mpoodtoploTei
pe axpifeta. H o ovvnBiopévn mpocéyyton mov akolovBeital yio n Snpovpyia piog Sopnpé-
vng P2P emukalvyng Paociletal otovg Karaveunuévous Iivaxes Katakeppatiopov (Distributed

Hash Tables), onwg meptypadetat otny emopevn Evotnta.

2.2  Karavepnuevol Iivakeg Katakeppatiopov

H Baokrn mpocéyyton mov akolovOeitar Kat €xel ¢ amoTéNeopa pior SOpUnEVN eMIKAALYN
elvat n opydvwon tng emkdALYNG péow evag Distribute Hash Table (DHT), Sn\adr) evdg miva-
Ka koatakeppoatiopot (hash table) pe eyypadég mov katavépovial oTa SlapopeTIKd peers. ETo
eninedo Tov DHT Aappdavouvv xopa kdimoleg Aettovpyieg yiax T SpopoAdynon TV HNVUHEToV
HetalL TV KOUPwV, eve TtapéxeTal pia Slemadr YEVIKNG XProng yia ovopatodooia avefdptntng
¢ TonoBeaiag (location-independent naming) mov pmopei va alomownBei and moikileg epap-
HOYEG.

Ye Oha T avTikeipeva (items) — Snhadn kdpPoug kat mopoug (m.x. Sedopéva)- mov elodyo-
vtatoe éva DHT avatifetal évag povadikoé avayvwptotiko (identifier - ID), o omoio avadépetal
oG kAeldi (key). Ztnv mAeloyndio Twv MEPUTT®OE®Y, TO key avatiBetat Tuxaio artd éva TOALTTAN-
B xopo avayvwplotikov (identifier space), 6nwg éva xwpo twv 128-bit § twv 160-bit. Eva DHT
TIPWTOKOANO 08Nyel 08 £val ATTOTEAECHATIKO KOl VIETEPHULVIOTIKO VO TN, OTIOL £Var AV TIKEIHEVO
dedopévou (data item) avtiotoiyiletat pe povadiko Tpomo oto identifier evog kduPov Pdaoet Kd-
oo petpikng andotaong [BKK™ 03], kabiotwvtag 1o cuykekptpévo KopBo “vreifuvo” yio avto
10 data item. H avotnpwg kaBopiopévn Soun twv DHTs enttpénet TNV anmote\eOHATIKY) aAVAKA-

Auyn twv data items, edv eivat yvootd ta keys toug. T 1) StevkdALVON TNG KATAGKELTG TOU
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dikTvov Kat TV emitevén NG e€looppoTNong Tov PpopTiov SeSopéVwY, Ta TTEPLOcOTEPX dOopNpE-
va P2P cuotrpata xpnoLponololy opotdpopdeg auvaptioels katakeppatiopov (hash functions)
yto T avéBeon twv identifiers ota peers kat 6Toug TOpovG. H xprjon v opotdpopdpwv cuvap-
THoEWV KATAKEPUATIOHOV e€aopailet TNV Tuxaio avabeon Twv identifiers oTa avTikeipeva Kat
OLVETIWG TNV OHOLOPOPPN KATAVOUT TOL GpopTiov 0To Xwpo Twv KAediov (key-space).

Otav avalnreitat kamolo data item oe pic DHT emikdAvyn, emotpépetal n dievBuvon Si-
KTOovL (network address) Tov kKopPov Tov eivat vteBLVOG yia To cuyKekpiuévo data item, eved
0 KOHPog autog evtomiletal facel Twv Wotitwy Tov DHT, dedopévou 6tL oL peers Sev €xouv
YV®OOT) TNG OLVOAIKNAG KATAOTAOTG TOL SIKTOOL. AUTO emITLYXAVETAL He Tr) OpOpHONOYNON eVOG
attrpartog evromiopol (lookup) 6o Kat 1m0 KOVT& TTpog Tov LTtebBuvVo KOUPo, HEXPL AVTOG Vi
Bpebei. Evag koppog diatnpei kdmola minpogopia (dnAadr to NodelD tov peer kat tnv IP Siev-
Buvon) yia éva pikpo apliud koppwv, ot omoiot kahovvtal “yeiroves” (“neighbours”) otov mivaka
Spouordynons (routing table) tov. Entiong, kaBe koppog eivat vevtBuvog yia tnv ammobrkevon twv
keys kat Tnv Siaxeipton Twv Aettovpytav yia mdépoug mou eivat “kovtivol” (Pdoet KATTolag HETPIKNG
anootaong) pe 1o ID tov. Mia Aettovpyia lookup prtopei va Eekivrjoet amd omotovSimote KOHPO
Kal TeppatiCel otov kOpPo mmov eivat vtevBLvoG yia To avalntovpevo key. O apiBuog Twv peers
o emlokénTeTal €va lookup eivat pikpdg kot pia DHT emikaAvyn mopovotdlel Ti eptocoTepeg
popég hoyaplOpuka povordartia avalrtnong (logarithmic search path lengths) oe oUykpion pe to
uéyeBog tou diktvov, Snhadr) omotodnote data item pmopei va evromotei oe O(log N) clpata
(hops) otnv emkavyn, 6mov N eivat o aplBpdg Twv peers OV CUHUETEXOUV 0TO cVoTNHa. H
Moykr) kata tn dpopoldynomn evdg lookup yia éva ovykekpipévo key eivat 6t kKabe KOpPog IOV
Aappavet éva epotnpa yo éva key mipémet va dovartal va 1o dpopohoyroet o€ évav KOUPo pe
KovTvdTepo ID o autd, womouv o vrevBuvog kOpPog Y o key va Ppebei.

2y epyaocia [AAGT05] mpoteivetal pia YeVIKELON TWV VITAPXOVIWY TIPOOEYYioEWV KABME
KOl €V HOVTENO avapopAG. ZTNV epyacia auTh, avayvwpilovial emiong ol PACIKEG ATIALTHOELG
TIOUL TIPETTEL Vot TTANPOUVTAL KATA TN Snpovpyia piag emkdAvyng: Eva katdAAnlog xwpog ava-
yvoplotikov (identifier space) mpémel va emihexOei kot va optoTei pio pébodog yia tnv avriotoi-
XNON TV TTOPWV KAl TWV peers o€ avTo To Xwpo. Emmhéov, mpémet va opilotel n doun touv Kat va
e€aoPpaNIOTEL 1) ATTOTEAEOHATIKT) SLAXEIPLOT) TOL XDPOL TWV AVAYVWPLOTIKWV ATTO TOUG KOUPOUG.
TéNog, oL oTpatnyikég Spopordynong Kat Statripnong mpEmet va LAoTtolovvTal artd To vtobetn-
HéVo TTpwTOKOANO. Eivat onpavTiko OAeC auTEG OL ATTAITHOELS VA IKXVOTIOLOVVTAL [E TETOLO TPOTIO

®oTe va vtootnpilovTat Tor akdAovBa XapaKTnpLoTIKA TG emikdAvyng [AAGT05]:

+ Anoredeoparikoryra (Efficiency) tov unxaviopov Spopordynong kat cuvtipnong.

o Emextaopuornyra (Scalability) 600 avfavetat o aplOudg v peers Kal Twv TTOPWV XwPIg

onpavtikn vtoPfaduion g anddoons.
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+ Avté-opydveor (Self-organization) katd TV GLEN Kot TNV avaxmpnon Twv KOHPwv Xw-

pi¢ va ammattovvTal KevTpikég Sopég eéyyou.

+ Aveknikoryra oe opalpara (Fault-tolerance) katd tTnv avaxopnon v KOpPwv, KaBng
Ta meptPaAlovIa auTa Xapaktnpilovtat ammd Suvapikég al\ayég Kal eival emLppenr) o€

opaipata.

+ Zvvepyaoia (Cooperation) petald tov KOUPwv wote va emtevyBel n amoteleopatikn

dpopohdynon, avialhayr) TANpodpopiag, KATL.

Oud16tnTeg avtég Twv DHT emikalvyewv Ta Kabiotovv Staitepa Snpodiin) ota P2P Siktvo:
H ouvaBpolon tep&otiov amobnKkevTikoy Xwpou Kat eneepyaoTIKNG LOXVG EMTUYXAVETAL EVE
10 k60106 TwV lookups ehayioTomoteitat. Onwg €xet 16N meptypadei, ta DHT mpwtokola mov
éxouv mpotabei yia 11 Snulovpyia Sopnpévev emKAAOYE®Y LAOTIOLOVY TOUAGXLOTOV d00 Pacl-
KOUG HNXaVIOHOUG (1) TTopéXouv ONEG TIG ATTAUTOVHEVEG AELTOVPYIEG YLt TNV LAOTIOINGT) TOUG) O€

avohoyia pe Tn put/get Stemadn Twv Iivdkwv Katakeppatiopot (Hash Tables):

« insert(key,value): Eva key avtiototyiletar otnv tipr (value) mpog elcaywyrn pe tn xpnon
piog oLVAPTNONG KATAKEPHATIOHOV Kat To Levyog (keyvalue) katahfyet otov KOUPoO IOV
efvat vrevBuvog yia To KAedi avTo (1) KOHPOLG edv eival evepyorotnpévn n Snpovpyia
oM@V avTlypadwv). Eniong, n idia Siadikacia akolovBeitat yia TnVv eloarywyn evog
KOHPOL oTNV emikdAL Y, TOL avTioToly{(eTat Kot avtdg o€ éva identifier. Otav évag KOp-

Bog elodyeTal 0T eMKAALYN, TOTE KA&TTOLEG Stadikaoieg TTpEmel va eKTEAEOTOVV Yia TN Sla-

Tpnon g dopng TNG emKEALYNG.

+ lookup(key) : Eva (evyoq (keyvalue) pmopel va avaxktnBel amd tnv emkalvyn, 6tav éva
lookup pfvupa SpoporoynBei kat kataAnEet otov KOpPo mov eivat vitedBUVVOG Yo To KAELSI

ouTO.

H Sxdikacia mov axkohovBeitat kata tn Stdpkela evag lookup eyyvatal Tnv amoteleopati-
KOTNTA TOL pnxaviopov avalritnong ota DHTs al\& tavtdxpova Oétel meploploplovg oTnVv vio-
Bétnon Twv DHT emkahOyewv amnd Siadopeg epappoyés. O Adyog eivat 6Tt 1 xprion twv hash
oLVAPTHOEWV HOAOVOTL SLEVKOAVVEL TNV KATAOKELT TNG EMKAAVYNG Kot TNV e€looppdTnor Tov
popTiov dedopévmv, TavTdxpova TepLlopilel Tr Xpron TV ETUKAADYE®DY HOVO YIA TNV ATIAT avor-
{ntnon identifirers, 6mov To KAewdi evog amoOnkevpévou data item mpémel va eival YvwoTod ek
TV TpoTépwV, SnAadn Tpv TNV armootoln evog lookup aitrparog. ITio moAvmhoka epwTrpa-
Ta, OTIWG epwTAHaTA cLVADpotong (aggregate), oMo @V SlotHTwV (multi-attribute), ebpouvg
TIHOV (range), évwong (join) kat opototnTag (similarity) dev propovv va emthvBovv pévo pe

xpnon piog amAng Aettovpyiog lookup kot yioe 1o Aoyo avtoé n mpooPaotn ota Sedopéva yivetat
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apKkeTa pn arodotikn. H emefepyaoia TéTolwv epotnpdtwy npodnobértel Tnv vhomoinon enutpo-
ofetwv dopwv kat Texvikav deiktodotnong. [a avtd 1o Adyo, n eneepyacia twv dedopévav
Bdoel NG onpactooyiag Toug 8e prtopet va emitevyBei pe ovpPatika DHT cvotrpoarto.

KaBm¢ ol epappoyég amaitody TnV amoTEAECHATIKT EMIAVGT OAO KAl TILO TTOAVTTAOK®V TOTTWV
EPWTNHATWY, T oTTola avalnTovy Ta Sedopéva e PAOT TO TTIEPLEXOUEVO TOUG Kot AELOTIOLOVY TIG
SlaouvOEoelg peTaED SIPOPETIKMOV AVTIKELHEVWY, OL EPEVVITIKES TIPOOTIADELEG ETIKEVTPOVOVTAL
oTNV avamTuEn TV avTioTolwv aAyopibpwv Kat pnxaviopov. H enilvon tétolwv Tinwv epntn-

HATWV aVTIHETOTI(ETAL COUPWVA e TIG AKOAOVLDEG PaoIKEG TTPOTEYYIOELS TTOL CUVAVTOVTAL OTN)
BipAoypadia:

« Tlpoteivovtal emkalbyelg mov otnpilovtal oe ¢va vmapxov DHT mpwtoékoAo kat eite
TPOTOTTOLOLV/AVTIKABIOTOVV TN CLVAPTNOT KATAKEPUATIOHOV &{Te TIpocBETOLY eMITAéOV
dopég SetktodoTnong mavw amnd 1 DHT emwdAvyn kat mpoteivouy véeg peBodoloyieg
yioe TNV emiAvon Twv epwTnHdTwv. Ta mpoTevopeva ovoThpata detktodoTNONG TTPOsHp-
polovtat ot Sopr) Twv dedopévmwv Kal cuVHBWE EMKEVTP@VOVTAL TNV aITodOTIKY ETTIAVON

€VOG OLYKEKPLUEVOUL TUTTOL EPWTIHOTOG.

+ Hxatavoun tov ouvolou Twv dedopévav avapeca ota peers Ogv dlevepyeital pe Tn xprion
piog oLVEPTNONG KATAKEPHATIOHOV KAl CUVETIWG XUTEG OL EMIKAADYELG SV XprOLponolody

dpeoa kamolo vapyxov DHT mpwtoxkoAo.

Ot péBodot mov meptypapovtal otn dxTpIPr) AUTH £X0LV WG ATTOTEAETUA TO OXESLHAGHO orp-
XITEKTOVIK®OV TIOL aVIIKOLV OTN TIp®Tn Katnyopia. H emhoyn avtrg tng mpooéyylong opeile-
TaL 07O YeYovog 0Tt pia DHT emkaAuyn pimopel va avTIHETWITIoEL AITOTEAEOHATIKA {NTrpaTa
IOV APOPOVV TNV EMEKTACILOTNTA, TNV AVEKTIKOTNTA 0 OPAAUATA, TNV €€l00PPOTINOT) GOPTOU
Kat T Snpovpyia TOAaTA@Y avTlypadwv (replication), eve mpoteivovtal véeg uébodol yla tnv
OUTOTEAECUATIKT ETTIAVOT) TTOAVUTTAOK®WV EPWTNHATWV, OL OTIOIEG APOPOVY KLPIWG EPWTHHATA G-
vaBpolong kat eHPOLG TIHWV KAl OTOXELOLY 0TV aLoTT0INOT TwV WIOTATWV TTOL edavifovTal
ot dopn Twv dedopévov. Ta epwtripata cuvabpolong HITOPOUV Vo CUOXETIOTOVV He T EP-
TAHATA €VPOLG TIHOV. TO TTPOTEVOUEVO CUGTNHA, TA VPN TIHOV UITopolV va vrtootnpixbovv
EHPEOWS aTIO TIG oLVOYELG oTa emtimeda NG Lepapxiag. LOTO0O, N HETATPOTIN EVOG EPWTHHATOG
ouvaBpolong og ep@TNHA eVPOLG TIHAOV deVv elval TTAVTA TTPOPGAVAG 1) EPLKTT, ELOIKA OTAV OL TIHEG

IOV EpWTOLVTAL 8eV elvat aplOproLpeg.

DHT YM\omouoeig

Ta DHT mpwtéxola mov vrtapxouv eivat Sidpopa kat TOAME artd avtd vrtootnpilouv Sia-
POPETIKOVG TPATIOLG Opyavwong Twv dedopévwy Kat Tou key space kot akolovBolv Siapope-

TIKEG OTPATNYIKEG dpopordynonG. Mepikég amd Tig o dnpodileic vhomotioelg eivat Ta Chord
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[SMK™01], Pastry [RD01]], Kademlia [MMO02] kat CAN [REHT01]. Ta mpwtokoMa avtd Sia-
GE€POLV KLPIWG WG TTPOG To oXNHa ToL identifier space Kal CLVETIWG XPNOLLOTIOLOVY SLPOPETIKEG
OLVOPTIOELG YA TOV VTTOAOYIOHO TG andotaot) petald tov IDs aTn cuykekpipévn elkovikn So-
ur) [LCCT02]. Ze autryv TV evotnTa, TEPLYPAPOVTAL TIEPIANTITIKE KETTOLOL oITO TOUG BAGLKOVG
1omovg Twv DHT mpwtokdMwv. Eppaon divetal otig DHT emikaltyelg mov oxetilovTal pe Tig

ETMKAAVYELG TIOL XPNOLHOTTOLOVVTAL OTX CUCTHHATA TTOL TTPOTABNKay oTa MAaiota TG StaTpiPrg.

To Chord [SMK™01] xpnotporotei consistent hashing [KLL™97] yi va avtiototyroet ta keys
0TOUG KOpPoug TTov eivat vteBuvva yiax avTd. H cuvaptnomn KatakepUaTiopol TToL XPNOLHOTIOLE -
TaL e€looppoTiel To POPTO AVAHETA 0TOUG KOHBOLG pe vynhn mbavotnta. Ola Ta identifiers
ovuneplappavopévmv twv identifiers yia tovg koppoug kat ta data items tomoBetovvTat de€1o-
otpoda v oe évav Kok o. Kdbe peer Siatnpei mivakeg dpopoldynong (mov mepiéxouv finger
tables) pe manpogopia yia adrovg O(log N) kopPoug. Ze éva “Chord Saktuid” (“Chord ring”),
éva kAeldi k avatiBetal otov mpdhTo kKOpPo Tov To identifier Tov eivat To 810 pe To k 1) To akoAov-
Bei oto identifier space kat 0 KOpPoG avTdG ovopaletal successor node tou key k. K&Be kdppog
Tipénel va yvopilel pe PePatdotnta Tov endpevo tov kOpPo oto SakTulidt Twv identifiers, étol
wote va givat Suvato éva lookup yla éva ovykekpipévo key va kukhopoprjoet 6To SakTUAISL pé-
ow TV “succesor nodes” Kat va emAvOei pe TV arhn} avtr) tpocéyyton. To Exnua .1 amekovilet
éva OaKTUAIOL TTOL aTToTeAE(TAL ATTO KA KOUPOUG TTOL atoBnKevoLY TTéEVTE KAELSI& GUVONIKA Kall
TO HOVOTIATL TTOL aKoAovBeitat katd tnv avalrtnon evog key. Eva lookup aitnpa kukhopopei yo-
pw YVOpw 0To Chord SakTLAISL HEOW TV successor SEIKT®V, HEXPL VA CUVAVTHOEL TOV KATAAANAO
KOpPo. Mia mtio emektdoipn Aon ylo Tov EVIOTIGUO TOL KOPBOUL TTov givat uitevBuvog yia éva key
TIOVL PWTATAL ETUTVYXAVETAL {e TN SlaTripnon emmAéov mAnpodopiag ota finger tables, ) omoia
dev avadépetal povo oto successor node. Etol, oe avthyv tnv mpooéyyion Statnpovvtal péxpl
m eyypadég oto finger table evdg kopPou, 610U TO M €ival 0 aplBudg Twv bits oto ID space. H
i-Tn eyypadn 0ToV mivaka ToL KOHPOU 11 TTEPLEXEL TNV TAVTOTNTA TOL TIPWTOL KOHBOU § 1oL Sta-
Séxetat Tov 11 katd Tovhdxiotov 2071 o1o identifier space. H 18¢a TG Tpocéyylong avtig eivat
OTL évag KOHPOG TIpéTel va Yvwpilel TTeploooTepa YL TOUG KOVTIVOUG TOU KOUPOUG o€ OUYKPL-
Of He auT& TToL YVwpilel Yoo TOug HakpLvoLg Tov KopPoug. Katd tn Sidpeta piog Aettovpyiag
lookup, To epmAekdpevo peer powbei To lookup prvupa otov KOpPo oL TTEPINAUPAVETAL OTO
finger table ko éxet identifier mov Bpioketat oe vYNAdTEPN B€0oN AAAG Sev eival peyaldTEPO ATTO
10 key mov avalnteitat. Epodoov k&Be koppog yvwpilel Tovg kOpPoug oe dlaotrhpata mou eival
duvdpelg-tov-0vo, k&Be KOpPOG pTopel va TpowORoeL TO EPOTNUA TOVAXXLOTOV KATA TO HIGS TNG
andotaong mov amopével. O aplBpog Twv kKOpPwv mov Aappavouv to lookup péxpt va Ppebei o
successor KOppog oe éva Siktvo N kéupwv eivat O(log N). To Exrjpa 2. mapovoialet tnyv emilv-
on evég lookup yia to 8o key omwg kat oto Zxipa B.J. Opwg oto véo Zxrpa emdelkvoeTaL N TTLo

eMEKTAOLUN ADoT Yia TNV TpowOnor Touv lookup mouv xpnotpormotel Tnv emavnuévn minpodopia
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lookup(K54)

xqua 2.1: To povonmdti mov akolovOeitar katd T
Sudpreia evog lookup yia To key K54 Eexivdvrag amd
Tov k6uSo N8 oto Chord SaxtvAide. To epdtnua mpo-

lookup(K54)

xnua 2.2: To povomdt: mov axkolovBeitan katd 7
Sudprera evig lookup yia o key K54 Eexwvadvrag amd
Tov kouo N8. H mAnpogopia mov amobykeberar ora
finger tables ypnowomoweital yia TV 1mpodOyoy TOU

wOeitaL andd péow TwV successor SEKTOY EPWTHUATOS

oL eivat ammoBnkevpévn ota finger tables. Ot agifelg Kot ot avaxwpioelg TwV KOPP®V amattodv

v evnuépwon tov finger tables.

To Pastry [RDO1] eivat pio GAAN eMIKAAVYN TTOL UITOPEL VO AVTO-0PYUVMVETAL KAL XPT)OLHO-
ToLel éva KUKALKO namespace, 6To o1toio 1 0¢on evog kopfou ipoadiopiletat armd to identifier Tov
(otn ovvéxela avagépetal wg Nodeld). To Nodeld avatiBetat Tuxaia oe évav kdppo kot Aappd-
VL TIpéG o6 To 0 €wg To 2128 — 1. To Pastry eivat mapepdepég pe o Chord oMd n) Spopoldynon
oe auTo Paoiletat ota mpobépata (prefixes) Twv dievBvvoewv, SnAadn éva prvupa mpowBeital
TIPOG TOLG KOHPOUG TTOL €xouv Stadoxikd peyahvtepa idia TpoBépata e To identifier Tov mpo-
optopov. Autd emtvyyxdvetal Bewpwvtag 0Tt kaBe Nodeld kat key eivat pio akolovBia ynpiwv
ue Béon 2P, 61ov 1o b eivan piar ap®unTiky mapdpetpog (n ouvhBng TIn Tov eivat 4). Omwg
neptypdpetat otn epyacio [RDO1], o kabe Prjpa Tng Spopoldynong évag képpog mpowbei To
HAVLHQ o€ €vav KOopPo Tou omoiov To Nodeld €xel kotvo mpoBepa pe To key mov eivat pakputepo
KATE TOVAGXLOTOV éva Ynoio o oxéon e To Kotvod mpoBepa tov Nodeld tov mapdvtog kOpPov
Kal Tov key. Yo kavovikég ouvOrkeg, To Pastry pmopei va Spopoloyroel éva HVUHA GTOV KO-
vTIvoTepo koppo yia éva dedopévo Nodeld 1) key oe Aydtepo amé [logy, N. Xe mepintwon mov
ovppaivouv TavTdXpoveg AoTUXiEG KOUPWV, TO TTPOTOKOANO eYYLATAL TNV TTHp&doaoT) eVOG Hn-
vOpatog ekTog Katav | |L| /2] koppot pe yerrovika Nodelds amtotdxouvv tavtdxpova, dmov |L| eivat
pia T popETPOTIONHEVT TLHT).

H Sadikacia g Spopoddynong ekteleital pe T xprion mAnpodopiog mov Statnpeital 6Tov
niivaka dpopoldynong (routing table), oo leaf set kaw 610 neighborhood set evdg kéupov. O Tri-

vakag Spopoléynong Tov képpou mepiéxet [logy NT ypappéc pe 20 — 1 kataywprioeis yio kdOe
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ypappn. Hz-tn ypoappn tov mivakoa §popoloynong meptéxel pio avtioToLXn KAToX@wpnon ylo €va
Koppo mov to Nodeld éxet o i6to pdBepa yia tar mpwtar n Yndicr, alAd& Tov omoiov 1o 11 4 1-T0
Ynoia éxel pio oo Tig 2P — 1 mbavég Tipég Sapopetikr) and 1o 1 + 1-10 Yndio ToL TTAPOVTOG
Nodeld. E&v évag kdppog pe éva tétolo Nodeld dev umdpxel, TOTE | avTIGTOLKN KATAXWOPNOT GTOV
nivaxa Spopordynong mapapévet kevr). To leaf set eivat to o0volo tov kKOpPwv pe T l/2 aptBun-
TIKOG KovTvdTepa peyautepa Nodelds kat [/2 aplBuntikag kovivotepa pikpotepa Nodelds,
mov oxeTiCovTat pe To Nodeld tov mapdvtog koppou. To neighborhood set evog kdupou eivat éva
o0OVONO artd | KOpPOUG TTOL elvat KOVTE GTOV KOUPO aUTO GUHPVA e TN HETPLKT) TG ATTOOTACTG

Kat XpnotporoLe{tal Katd Tnv mpoadnKn evog véou kduPou 1 katd Tn Stadikacia avaKTnong.

To Kademlia [MMO2] eivat pia ovppetpikr) DHT emcdAvyn mov xpnotporotei tnv XOR pe-
TPIKT Ylot va HETPr)OEL TNV atooTaot HeTaEd SVo pUAwV evog Suadikov dévtpov. Téoa Ta data
items 600 Kat ot KOpPot AapPdvouy povadika identifiers armo évav evormotnpévo xmpo dtevBuv-
oewv. Ta avtikeipeva mov elodyovtat 6o DHT eivat (evyn g popdns (key, value), 6mov 10
value eivat to dedopévo mov Ba amoBnkevtei aTov KOPPO TTOL €Xel TO “KovTivdTePO” ID 010 key.
H évvoia g andotaong petad onpeinv oto identifier space opiletat a6 tnv XOR petpikh.
To Kademlia mpwtoxkol\o evtomi(el Ta data items Pdoet Twv KAeWSIOV TOUG, HOVO €4V TO AKPLPEG
key eival yvwoTo ek Twv mpotépwy. To unvipaTa TV EpWTNHATWV SpopoloyodvTal GTNV et-
KOALY™N oOpdwva pe TAnpodopia tov diatnpei o kabe KOpPPog Yo Tovg vtdAoTovg Kopouvg. H
TANpodopict AUTH ITOKTATAL ATTO T NVUHATA TTOL AarpBavel éva peer. H ovppetpikn ididtnta
Vv XOR peTpIKNG eTMITPETEL OTOVG CUHpETEXOVTEG KOUPOLG o€ ¢va Kademlia DHT va Aappa-
vouv lookup epwtrporta artd Ty idlx kKatavopn képBwv mov Pplokovtal 0Toug mivakeg Spopo-
Aoynong toug. To Kademlia eveikvutal wg pia KatdAANAn emthoyn Adyw tng aming Sopng Twv
TIVAK®V §POHOAGYNONG KAl TOL GLVETIOUG akyoplBoL TToL akoAovBeital Katd Tn SidpKreta TG

emidvong evog lookup.

O1 Baoikég Aettovpyieg mov vootnpifovtat and to Kademlia mpwtdékoiro [MMO2] eivat:
PING: Avtd 1o RPC avixvevel éva kOppo yia va Slammiotaaoet e&v eivat online.

STORE: Apyxixd, évag koppog Eexivdet 1 STORE Aettovpyia vtohoyifovtag to key yax to ov-
yrekplpévo data item, mov ovvrBwg eivat To anotéleopa piag hash cuvdptnong mov epop-
poleTaL 0TO TEPLEXOUEVO TOV. XN CUVEXELX, eKTENEl ava{nNTroelg 0TO SiKTVO O€ TTOAATIAG
Brpata, péxpl v avakahvdpBoiv ot kovtivdtepol kdpPot oto key. Z1n ovvéxela, To data

item amoOnkevetat o€ AUTOVG TOUG KOUPOUG.

FIND_NODE: H Aettovpyia autr) emioTpédel Toug kappa Kovtivotepoug Koppoug oto node ID

mov {ntrOnKe, 4oL TO kappa eival piot TAPAUETPOG TOL CUOTAUATOG.
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FIND_VALUE: Ortav Sivetat evioAn oe éva kdupo evog Kademlia Siktvov va avalntioet pia
TIHn, 0 KOpPog avtdg Bétel a mapdinia epwtipata (FIND_NODE) otoug kappa kovti-
VOTEPOUG KOPPOUG TToL Yvwpilet. H Stadikaoio avtr) cuveyiletal péxpt va avaxkaAvgpBovv ot
kappa kovtivotepol KOpPol oto key mou amotelei otdxo. MOAIG fpeBovv ot képuPot avtoi,
o koppog amootézet FIND_VALUE RPCs yla TV avaKTno™ NG TIUNAG ToL avadnteitat.
To kappa eival pia GLOTNHIKT TTAPAUETPOG Kat TTpoadiopilel emiong Tov aplOpod Twv avtl-
yYp&pwv Tov StatnpovvTal yia kdBe data item, eve eéyxel Kal To péyeBog TwV TIVAK®WVY
dpopordynong twv peers. Ot TIHEG TwV HETAPANT®V a Kal kappa opilovTal o k&Be ovp-

petéxovta KOpPo Kat emnpedlovv pdvo TNV TomiKr addoaot) TG LTNPeciog.

Ouwg vmtapyxel Kat pioe TANBwpa amd dANeg dounpéveg eMKAAOYELG, Ol OTTOiEG LAOTIOLODV
Sapopetikég Sopég, oTpatnytkés Spopordynong, KA. Ia mapddetypo to CAN [REHT01] on-
Hovpyel éva Kapteolavo xowpo ouvTeTaypévwy d-SlaoTdoewV, 0 0TT0I0G KATAVEUETAL SUVOHLKE
o€ O\a Ta peers NG emtkalvyng. K&Be koppog eivat vevBuvog ya pia Stakpirr kot ave€aptntn
{@vn tou xOpov Tev d-Slaotdoenv Kat Statnpel eva mivaka Spopohdynong pe O(d) katoyw-
PHCELG, eV oTol0adHIoTE KOpPOC popel va Ppebei oe O(AN/?) dpata Spopodynong. Avo
KOpPot eivat “yeitoveg” edv ot {wveg Toug potpalovtal éva vmep-eminedo (hyper-plane) tov d-
1 Sotdoewv. Kabe data item avatiBetar otov koppo mov eivat vevbuvog ylo ™ {Ovn mov
avriket. To Tapestry [ZHST04] akolovBei kat avto pia Stadikaoio Spopordynong mov otnpi-
Cetat ota TpoBépaTa TapopoLa e aUTH) TOL TTEPLYpadnKe yia To Pastry, al\d Siapoporoteital
®G TIPOG TNV TPOCEYYLOT) TTOL akoAoLBEel Yl va Statnprioel TNV TOTIKOTNTA Kot Yl T1) Snpovp-
yia Twv avitypddnv tov avtikelpévov. To P-Grid [AbeO]] eival pio Sopnpévn emkaAvyn mov
vlortolel éva kataveunuévo 8évtpo avalntnong. Kabe koppog avohapPavel éva pépog Tov ou-
VOAKoV 8évtpou Kat 1 Béon Tov otV enmkdALYn opileTat o To HOVOTIATL TOU GTO OEVTPO, EVK
elvat vmevBuvog ylo Ta data items pe KAelSid Tov apxilouv pe To AMOTENETHA TNG AVATIHPATTA-
ong oe bit Tov povomatiov Tov. 10 P-Grid, Ta epwtipata emAbovTal e faon TV avTioToixnon
TOL TTPOBEUATOC, EV® O XOPOG TV KAESIOV KaTavépeTatl SUVAULIKA 6TOVG KOHBOUG avahoya e
TO POPTO Kol AVTO €XEL WG ATTOTEAECUA TNV OHOLOHOpdN KaTavour Twv keys petald Twv KOUPwv

OKOUO Kol 0TV TIPOKELTAL IO [N OPLOLOHOPPEG KATAVOLLEG GOpTimV.

2.3 Texvikég Aeiktodotnong oe P2P diktua

Aldpopeg epevvnTIKEG epyacieg Slepevvoly TG umopoLV Ta P2P ovotruata va enmwen-
Bolv and 1 Siaxeipion dedopévwv Aappavovtag vIIOYN TN CNUACIONOYIN, TOUG HETAOXNUATL-
OHOVG Kal TIG OXE0ELS TwV SeSOUEVMV, ETOL WOTE VL UITOPOLV va emefepydlovTal TOADTTAOKA
epotipata. H epyacia twv Risson kat Moors [RMO6] mepiéxet emokonnon kot cUYKpLon TV

nebodwv avalntnong oe P2P cvotipata. Eniong, évag peydhog aplbpdg epyaciov Sivel éupaon
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o Onpovpyia LoXLp®V Sopwv SelKTodATNONG KAl OTOV TPOTIO TIOL AUTEG HITOPOVV VO TIPOCAP-
HOOTOVV Yl TNV €MIAVOT CUYKEKPLUEVOV TUTIOV EPOTNHAT®Y, OTIWG EpWTHHATA GLUV&DpoLoNG
(aggregate), Sopng (structure), opotdtnTag (similarity), cuvévaotikd, KA. Etot éxouv mpotabei
TeXVIKEG SelkToddTNoNG Tov akolovBovvTal oe “tapadootakd” cvoTpaTa Pacewv dedopévwv
1} TEXVIKEG TTOL GLVOVLAELOLY TIC LLOTNTEG TNG LTTOKE(HEVNG ETIIKAAVYNG e TOV TUTIO EPWTHHATOG
TIOU pEAETATOL. APXIKE, TIorpOLOIALeTAL Hia ETTLOKOTINGT) TWV EPYACIOV TIOL €XOLV WG GTOXO TNV
EMEKTAOT) TOV AELTOVPYLOV TTOL CLVAVTWVTAL Oe PAOELG OeSOUEVWV KAl TNV EVOWUATOOT TOUG OF
KaTavepnuéva eptpaAlovia.

To PIER [HHBT 03], [HCHT05] mpoteivel pia Kataveunuévn apxITEKTOVIKI YO Hia KATa-
vepnuévn Paon dedopévwv SIadIKTLAKAG KApHAKAG OTOXEVOVTAG OTNV LITOOTHPLEN TTOAATIAGY
TeEAeoTOV, OTwG selection, projection, union, join, group-by, KAn. Mia DHT emikaAvyn xpnotpo-
TIOLE(TAL Ylot T} SPOHOAOYN O TWV EPOTNHAT®Y, ®OTE Vo dnpovpynOel éva eMEKTACILO CVOTHHA
mov ptopel var prrofevroetl akopa Kot Xthddeg kdpPovg mov ovvdéovtal péow Tov AladiKTo-
ou. K&Be mietada mouv etodryetar otnv PIER emkdAvyn meptypdpetal pe autévopo tpdio Kal
QUTO EMITUYXAVETAL YIXTE TIEPLEXEL TO OVOHK TOL Tivaka (table name), Ta ovépata Twv oTNAGV
(column names) Kat Toug TUTTOVG TwWV OTNAGV (column types). Mia Sevtepevovoa dour detkto-
dotnong viomoteital mévw and T DHT emwkdAvyn, n onola Snuiovpyei éva §évtpo mov kata-
VEHETOL 0TOVG KOHPOUG. O oKkomdg avtod Tou SeikTn eival N Helwarn Tov KOGTOUG EMIKOVWVING
HE TN CUYKEVTPWOT) TV TAELGdwV O€ évav KOpPo KaTd Ty enilvon Twv ovvabpoicewy Kot Twv
EVWOEWYV. LUVETIWG, Ol KOpUPOL opyavivovTal oe SEVTPA Kot EVaG KOUPOG TTOL GUHUETEXEL OTNV
erniAvon Tétolov eldoug epwTNHATOV LTTOAOYI(EL TO TOTIKO aTTOTéNETUA Kot TO TIpowBel oe KO-
o mov eival katd €va hop kovtivotepog 1pog to eminedo g piag (root level). K&Be koppog
vrootnpiet pia péBodo local Scan mov Tov emiTpémnel TNV enokdTNoN SAwV Twv dedopévwy Tov
KOT& TNV eneepyacia €vOG pWTHHATOC.

To Piazza [THO4] eivai éva &Ao Peer Database Management System (PDMS), 6mov k&Be
Koppog Siatnpei Ta dedopéva Tov povrelomonpéva oe XML. H epyaocia autr emkevTpmveTal
Kupiwg otV emitevén kKahvTepng anddoong oTpatny kv avalitnong mov Pacilovtal oe ava-
datvnwon (reformulation) Twv epwTnHdTOY, “KA&Sepa” (pruning) Twv TePITTOV PEATIOTOTOL-
OEWV KAl TIPO-LITOAOYIOHO TWV ONUACLOAOYIK®V HOVOTIATI®V. Ol TTIPOTELVOHEVEG TIPOCEYYIOELS
kaBloTovv duvatr) TN Aettovpyiat TWV KOUPWV e Eva TTANPWG AITOKEVTPLKOTIONHEVO TPATIO XP1-
olpoTolwvTag Aettovpyieg lookup yla va eITAOUTIOOLV TNV TOTIKT TOLG YVWOT).

To PeerDB [OTZT03] eivat éva mAnpeg cvotnua Staxeiptong Sedopévmv mou emTpérnel To
dtapotpaocpd oxeotakmv dedopévav Xxwpig va amatteital n) vrapén mpokaBoplopEveHY oXNUATOV,
T omoia TIPETeL va eival YvwoTd o€ OAovg Toug KOpPoug. Xe kabe koppo tov PeerDB vmdpyet
pia Tomkn Péon Sedopévamy, evw éva “Torkd Ae€ikd” (“Local Dictionary”) amoBnkevel ta peta-
dedopéva mov oxetiCovtal pe k&Be oxéon kat piot AAAN Sopr) Ae€ikol amoOnkevel Ta petadedopé-

va 1o Stapotpaletal pe aAovg KopBoug. X1o PeerDB mpoteivetal emiong n xprjon mpaktopwv
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(agents) mov eivat vrtevBLVoOL Y TNV emelepyaoia TwV EPOTNHATOV. Ze i TPWTN Ao, oL KO-
PotepwtovvTal Kat eMOTpEPouV LTTOYN Lo HeTAdESOHEVA WG ATTdvTNOoN. Ze piot SeVTepn ¢pAaon, o
XPHOTNG emAéyel Ta OXeTIKA peTadeSopéva Kal oL Tiny£G TTov emAéxOnkav epwtobvTal amevbei-
ag, woTe pio avadlaTunwpévn epaTnon 1oL Tatptdlel e To dvopa NG oxéong Kot Tig OLdTNTEG
Tou KOHPov TibeTat otV ToTKN Bdon Sedopévav.

To ovotnpa pSearch [IXDO03] vhomoteital mavw amod pia CAN emikdAvyn mov armodnkev-
eLéyypada (documents) mov detkTo80TOVVTAL COUPWVA [E T CHACIONOYLKE TOUG SlarvUoUA TN
(semantic vectors) mov mapayovtal a6 to Latent Semantic Indexing (LSI). To cvykekpipévo
oboTNHa 8e PITopel va XelploTel SLUVAIKEG CUANOYEG eYYpadwV, emeldr) Ta semantic vectors mpé-
TIEL VX OPLOTOVV €K TWV TIPOTEPWV KAL EMTOPEVKG TA EYYPAP VEWV KOUPwV e dpoug TTou dev
EUTIEPLEXOVTAL OTO LTT&PXOV Vector de eival duvatov va deiktodoTnBolv armd avtovg.

To Mercury [BAS04] eivat éva Siktvo mov amoteheital armd TOMATAEG KUKALIKES ETUKAAVYEL,
eve KaBe erikdALYn avTtiotolxel oe pia Eexwplotr WdiotnTa. OLkdpPot xwpilovtat oe opddeg mov
ovopafovtat “attribute hubs” kot k&Be hub eivat vevBuvo yia pia Eexwplotr 116 TNTAL. OL KOPPoOL
evog hub opyavavovtal pe Tétoto TpodTo Kote va “Slatnpeitat n oepd” (in an order preserving
manner) Kat kK&Be KOpPog eivat vITeKBLVOG Yl Eva GLYKEKPLHEVO eVPOG TIH®V piag ddTnTag. To
OUOTNUAX AUTO ETUTPETEL TNV ETHAVOT EPOTNUATWV EVPOLG TIHWV TTOV ATTALTOVV TNV TaEvopnon
TV amobnkevpévwv dedopévwy. Eva epotnpa ylo meplocotepeg amd pia 1diotnteg Bewpeitat wg
oLVOLAOHOG KaTnyopnHdTwVv Kot dpopoloyeital oe Ola Ta oxetikd hubs. H e€dletyn tng hash
OLVAPTNONG HITopel Voo 08NyrOEL O [N OUOLOHOPPN KATAVOT TwV dedopévwy aTouG KOUPoLG
Kal Yl auTo To Aoyo Sivetal éppacn otnv e€looppomnon Tov pOPTOU e TN Xprion Tuxaiog Oety-
HaToANYiag Yl TNV aItodpLYT TPOPANHATOV O€ TTOAWHEVEG KATAVOUEG SeSOUEV®V.

O)eg autég oL mpooeyyloelg TpoodpEépouv AVOELG YL TT) SHIOLPYI KATAVEUNHEVWY CUGTNHA-
TV Pacewv 0ed0HEVWY TTOL 0TOXEVOLV OTNV Ao KELOT KAl 0TO SLAUOLPACHO SounNUEVOV Kal
etepoyevmv dedopévav. Ta cuotrpata mov otnpilovrtat oe Sopnpéveg emkalelg xapaktnpito-
vTat and KaAvTepn anddoom Katd Tr SIpKela TwV avalnTroewy oA Kot artd avEnpévo KOaTog
ovvtrpnong. Kat otig §Vo mepmtwoelg, Ta ouoThpaTa 10U TIEpLy padnKay vioBetovv pia kabo-
Aikn) oTpatnykn etkto86TNoNG yia OAeg TIG TTAELASEC TOU SIKTVOL Kot AUTO €XEL WG ATTOTENECHA
pio “Saravnpn” dtadkaocio 600 avavel 0 GyKog Twv SedopEVRV Kat 0 aplOpog TwV oXNHATWY
Kat Tov Wotitev. H diadikaoio Seiktoddtnong kat cuvtipnong Twv SelkTwv ot dedopéva ev-
peiag kKAipakag katalnyet va eivat “Sarmavnpn” 6cov adpopd TNV KATAVAAWGOT ToL eVPOLG {wvng
KO TO XPOVO aITOKPLoNG, e8IKE OTay TTapatnpovvTal vynhoi pubpoi evnpepioenwy Kat adpiCewv
/ avoXwprnoewv KOUPmV.

Mia 1o Suvapukni Avon ylo T dnpovpyia evog avothpatog diaxeiplong dedopévmv mov oTn-
piletat oe opdTIHOUG KOPPOULG eivat To PISCES [WLOTO08], to omoio detktodotel dvo €va pépog
TV anodnkevpévov mielddwv. To ovykekplpévo avoTnpa vtooTnpilel pio Hepikn oTpatNyL-

Kk Setktodotnong (partial indexing strategy) yia éva LTTOGVVONO TV ATTOONKEVUEVWV TTAELGS WV
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oVHPOVA pLE KATIOLX KPLTNPLY, OTIWG 1] CUXVOTNTOH TOV EPWOTNHATWOV KoL I) CUXVOTNTA TWV EVILE-
pwoewv. Kabe kopPog Siatnpei tn Sikr) Tov Péon dedopévmv, oA CUHHETEXEL Kat 0€ éva SOpN-
Hévo Siktvo 6mws To BATON [JOVO5] kat to CAN [REHT01]. O partial Seiktng Snpovpyeitat
HE TN XPr)OT TIPOCEYYIOTIKNAG TIANPOPOPING OXETIKA [E TO OLVOAIKO aplOpd Twv KOUPwV, TO OL-
VOMKO aplOpo TV EPWTNHAT®Y, TNV KATAVOUT TOV EPOTNHATOV KAL TIG adiEELS Kot avaywproeLg
TV KOHPwV, N omoia cLAAEéyeTaL amd pia Siadikaoia ov otnpiletal oe oToypappata. 20Td00,
1 TTPOGEYYLON aUTH OTOXEVEL KUPIWG GTNV LITOOTHPIEN EPWTNHATOV TIOL APOPOLV GXETLAKE Oe-
Sopéva Kat 8ev avTIHETWTTI(EL TNV €1OIKT TTEPIMTWON TV lepapXl®Vv o€ TToAVdIdoTata Sedopéva,

eldika dtav Sivetat pdaot oTig peTa € Toug SloLVOETELS.

Ex166 amd 1a yevikoTepa GUOTHHATA TTOL 0TOXELOLY 0TO Slapolpacud Sopnpévmv dedopé-
vV, UTIApXoLV Kal Siépopeg GANEG epeLVNTIKEG TIPOOTIADELEG TIOU EMIKEVTPWVOVTAL 0TO GXedL-
opo6 P2P emika Oyewv Kat Tpooavatolilovtal Tpog TNG aImoTEAECUATIKY eTIALOT) piag elOIKNG
KATNYOPpioG epOTNHATOV, SNAadT oL TTPOTEIVOHEVES TEXVIKEG OelkTOSOTNONG TOUG TIpoopilovTal
yla autd To oLYKeKpLEVo okomd. Ot mpoaoeyyioelg mov akolovBovvtal oToxevoLV ite OTNV
aviikatdotaon tng hash ovvaptnong pe kamowa ov Sixtnpei T oelpd TwV Sedopévwv 0TOVG
Koppoug eite ot dnpiovpyia emmpdobeTwv SOU®Y, TTOL PITOPOUV VA& EPAPHOCTOVV TTAV®W ATTO

UTTAPXOVTEG SOUNUEVEG ETUKOADYELG.

Mia tpoo€yyion mov oToxeVeL vat eTNPeGOeL TNV TOTTOOETNOT) TWV OXECIAKOV AVTIKEILEVWY OE
pia DHT emucdAvyn pe t xpron piag véag hash cuvaptnong mapovotdletar and tovg [GAAO3].
Ot ovyypagdeic avantoooovy pia P2P apXITeKToVIK Yot TOV UTTOAOYLOUO TTIPOCEYYIOTIKAOV OOl
VToewV Og TIOADTTAOKA epwTAHATA TTOL ekdppalovTal pe T xprion SQL dniooewv. Ot mAeld-
deg piog oxeotakng Paong dedopévav xwpilovtal opllovTia kat avatiBevtal oe kKOUPovg pe TpoO-
TI0 T€TOL0 WOTE va Slatnpeital n TomkoTnTa e LYNAY TBavdTNTA Xpnowponolwvtag Locality
Sensitive Hashing. H ene€epyaoio evog epwTipatog mepAapfavel TOV EVTOTIIOUS TV TUNHATOY
(partitions) mmov oxeTi{ovTaLl [e TO EPAOTNUA KAl EMOTPEPOVTAL TIPOCEYYLOTIKA amoTeAéopato. H
TIOLOTNTA TWV ATTOTEAEOHATWY e PTATAL ATTO TNV TOALTTAOKATN T’ TNG hash cuvaptnong, n omoia

OpwG prtopei va Snutovpyei poPArpata mov oxetifovTal pe TNV e§looppdTn o ToL GOPTOUL.

Ztnv epyaoia [AX02] mapovoidletal pia mpoomdOela UTTOOTHPLENG EVOG KATAVEUNHEVOL TIAN-
POPGOPLAKOV CLUOTHUATOG YA UTTOAOYLOTIKG ovoThpata [TAéypatog mavw amnd pia CAN emkd-
Aoyn. Kabe 18t6tnta mov meprypdet pia mnyr deikrodoteital o€ pia SIapOpeTIK eMIKAAVY.
H vioBétnon piag hash cuvaptnong mov Paciletar otn Hilbert KoapmoAn IMARpwong tov Xo-
pou (Hilbert Space Filling Curve) otoxevel va emitUyel TNV avtiotoiXnon SaoTNHAT@Y TIHOV O€
KovTIvéG CAN (0veg. ZUVETIAOG, 1 CUYKEKPLUEVT TIPOGEYYLOT) ETIIKEVTPOVETAL GTNV ETIALOT) EP®-
TNUAT®V €DPOVG TIUWY, TaL OTTOlA APXLKA SpOopoAoyoUVTAL GTOV KOpPO TToL eival urtevBuvog yia
TO Heonio OMHEI0 TOL EVPOUVG TIHAV TIOL ava{NTEITAL KL 0TI CUVEXELX TTpowBolvTal avadpoptkd

OOHPWVA [E TPELG CTPATNYIKEG TIANHUVPAG TIOUL €xouv TTpoTabel Kat afloloynOei oe avtrv TNV
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epyaoio. Eqv éva epatnua mepthapPavel meplocotepeg IOOTNTEG Kal OXL HOVO pic, TOTE TO EP-
TNHo emAveTaL Yia KAOe 181oTnTa EEXwPLOTA KAl TA ATTOTEAEGUATA CUVEVOVOVTOL PE EVAL “TENETTT)
EVwong” oav aQUTOV TTOL GUVAVTATAL 0TI PATELS SedopévmV, avEAvovTag TO KOGTOG ETTIALONG TV
TIOAVTTAOKOTEPWV EPWTNHATWV.

Ta v amodotikotepn enelepyaoio epoTNHATWV TTOU S pmopolv va emAvBovy e amha
DHT lookups, pia ouvnBiopévn otpatnyikr eivat n viobétnon npoobetwv pnxaviopwmv deikto-
do6tnong mov epappolovtat mavw amtd DHT emikalVyels. Mia Sopr) Setktoddtnong mouv éxet xpn-
otportoinBei oe didpopeg ekdoxég Yl avalnTioelg Pdoel Twv mpobepdtwv eivat ot Sopég tries.
Ot dopég avtég eivar pia yevikevon tov dévipwv mov amobnkevouv kat eneepydlovTal ouvppo-
Nooelpég (strings), omov kdBe kOuPog avtioTolxel oe éva Kotvo prefix. Ta mpaypatikd dedopéva
amoBnkevovtal 6Toug KOUPovg-pUANa (leaf nodes) Twv tries kat emopévwg Ta lookups emAtovtal
HOAiG Ppebei To leaf pe eTikéTa TOL €ival €va prefix TG TIUNAG IOV pWTATAL. L€ SIAPOPES EPYATI-
€G, oL KOpPoL TwV tries katavépovtal otoug kKOpBovg g DHT emikaAvyng. To Prefix Hash Tree
(PHT) [RRHS04] eivar pia doprn mov Paciletat oe trie yi tn Setktodotnon Svadikav cupPo-
Nooelpav oVHPwva e To Kotvo Toug prefix. O Baoikdg TOTOG EpWTNUAT®V TTOL LTTooTNpifovTal
o€ aUTO TO OCVOTNHA ElvaL EPWTHHATH EVPOULG TIHWV o€ pia Sidotaot). K&Be kdpPog Siatnpei éva
SelKTn 0TOV APEowG eTTOHEVO aploTePO Kal de€i KOUPO Kal Eva pWTNHA EVPOVE TIHAOV UITOPEL VX
emvBel eite pe ypappiko eite pe Svadiko tpomo. Eva epatnpo ebpoug TIHOV eKTENEITAL PE TNV
amtooToAr) Stapopwv DHT lookups kat o k6oT0g ToL e€aptdtar amnd Ta dedopéva. Ot ouyypa-
¢eig Datta et al. [DHJ " 05] evowpatwvouy To trie oto iS1o to dikTuo mpoteivovtag Tig KATAANAEG
TPOTIOTIOIOELG OTOVG TTivakeg Spopoloynong piag P-Grid emikdvyng. Ot exact match avaln-
Toelg emAvovTal ard 1o pnxaviopo tov P-Grid, eve Vo otpatnylkég mpoteivovTtal yior Tnv
enmilvon epTNHATWY e0pOLG TiH®V. H min-max otpatnytkn didoxiong exivdel amnd tny enepo-
TNOT) eVOG EK TV 0pinV TOL eVPOLG TIH®YV. O LITEVOLVOG KOUBOG YIX AVTO ETUOTPEDEL T OXETIKA
dedopéva kal mpowbei To ep@TNHa 0TOV peer oL eivat vTTELOVVOC yia TO eMOeVO partition Tov
key space. H diadikacia avtr emavalapPavetar péxpt va Ppedei o kopPog mou eivat vrevBuvvog
yta To plo Tov eVPOLE TIHWV TTOL atépelve. Mia GAAN oTpatnylKr Tov LAomoteital Bewpel OTL
TO EPWTNHA EVPOUG TIHAOV XWPIleTal 08 EpWTARATA TTOL APOPOLV HIKPOTEPA EVPT) TIHOV KAl TA
EPOTAHATA AUTA aTtooTéNovTaL 0To dikTvo TavTdxpova. H doun Distributed Lexical Placement
Table (DLPT) [CDT07] eivat éva trie mmov ktiletat Suvapka mave amnd pia DHT emkdoyn ya
NV SelkTo8dTNO™ KAL TNV AVAKAALYT) UTINPEDLOV O TTEPIPANAOVTA TTAEYHATOG.

Ouwg, vmapxovv Kat dAlot Turmot §évTpwv Tov adlomolovvTatl yia TNV dnuiovpyio Katave-
unpévev dopav detktodotnong. Ta P-Trees [CLGS04] eivat arokevTpikomotnpéveg Sopég det-
KT080TNONG TTOL StaTnPoLV pépn amd nuiavtdvopa B+ dévipa mavw amo éva Chord Saktulidi.
To S€vTpa AUTE XPNOLHOTIOODVTAL YLot TN SPOHOAOYNOT) EpWTNHATWY LodTNTAG (equality queries)
Kal €DPOVG TIUWV KATE HAKOG TWV HOVOTIATIWV TOUG. £20TOC0, 0 TPOTIOG TTIOL ekTee(TAL 1] OpO-

HoAOynon Sev eyyuvaTal TOV TEPUATIOHO TNG, YL TAPASELYHO O€ TEPIMTMWOT IOV €vag KOHBOG
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vrtootel PAAPn Aoyw tng mohvmhokng Staxeiptong. To Range Search Tree (RST) eivat éva dANo
dévtpo yia ) Setktodotnon SiaotnpaTwVv Tip®V Tdve artd DHT entkalvyeig (.x. Chord). Kabe
emntinedo tov dévipou avrioTolxel oe diapopetikd eminedo Aentopépelag Twv partitions Twv Se-
dopévav, eva To Teplexopevo dniwvetat oe OAa 1} oe dtadopeTikd emineda Tov RST kot oTOUG
avtiotolyoug koppoug tov DHT.

Mia Sixpopetikiy mpooéyyton mov otnpiletal oe moAvenineda bloom ¢pitpa (multi-level
bloom filters) mpoteivetat oto [KP04]. Z1nv epyacia autrv, oL eptypadopeves SOEG XpNOLHO-
molovvTaL i 1) Snplovpyia mepIAYenV LepapXIKOV 0edopEVOV Kot LITOOTNPIlovY epwTAHATA
He eEKPPAOELG KavoVIK®V povortatiov (regular path expresion queries). Ta SeSopéva vmtd pehétn)
efvat XML 8évtpa mov mepiéxovtal o€ €yypada Kat T Tolveninedo pikTpa XpnoLpomnolovvTal
yta va auvoyicouv Ta éyypada TTou armoOnkebovTal TOTIKAE O £vav KOUPo Kal Ta €yypada Twv
YELTOVIK®OV TOU KOHP®V, eV® oL KOHPoL pe Tapepdepry GiATpa (Kol oLVETIWG TTapedepEg TTepLe-
xopevo) diaouvdéovtat. Ot avadepdueves Sopég yia Tn obvoyn tov dedopévev AappavovToat
UTTOYT KAT TN OPOHOAOYNON TWV EPWTNHATWY TTOL APOPOVY KATAVEUNHEVEG TUANOYEG KAl OXL
™mv avalntnon tev Slwv Twv eyypadwv.

‘Eva 1o oxeTik6 ovotnpa mov otoxevel otny online enefepyacia epwtnpdTwv cuvadpolong
nieptypadetat oto Distributed Online Aggregation (DOA) Scheme [W]JOT09]. Xtnv nepintwon
QUTHV, O UTTOAOYLOHOG TWV OITOTEAECUAT®V YIVETOL KATK TTPOCEYYLOT Kot TTOAAITAEG ETTOrVOAT)-
Vel Aappdvouy xwpa: oe k&Be emavanyn éva pikpd ocbvolo amd tuxaia Seiypoata avakTaTal
a6 11 Torobeoieg Twv dedopévav Kat avatiBetat otoug Stabéatpouvg KOpPoug yia enefepya-
ota. H Tuxaio detypatodnyia and toug Stapopoug KOUPOUG UITOPEL VA TTOAWOEL TO ATTOTENETHA
Kat TpoiTToBETel OTL K&Oe KOUPOG TIpETEL va TTAPEXEL piar Stemadr ylor TNV €MAOYT TV TUXAIWY
detypdtwv and tn Baon dedopévwv tou. EkTég armd avtd 1o {Ntnua, dha ta dedopéva mpémel
va avTiototyilovtat oe éva KaBoAkd oxipa, cAA& avtd Sev eivat cLVHBWG ePIKTO Kal ELGAYEL

TIOAVTTAOKOTNTA OTO CVOTNHA.

24 Asktodotnon Enpactodoyikov Aedopévev oe P2P emikavyerg

To Resource Description Framework (RDF) eivat éva evpéw¢ amodekTo mpoTuIto 6To Xnpua-
olo\oytko [oto kat éxet LI0OeTNOel aTTd TOAAEG EGAPUOYEG YIa TV AVATIHPAOTAOT) NHLL-OOUNHEVWY
dedopévav. IToANég mpooeyyioelg ouvdualovv TeXVIKEG amd TIG oXeolaKeG Paoelg dedopévmv
yla TV KATAOKELT) KEVTPIKWV artodnkov (repositories) yla 11 SeiktoddTnon kat emepatnorn Se-
dopévav peyalov 0yKov, omwg avadépetat kot otny gpyacia [HSTW1I]. Ot mo avtimpoow-
TIEVTIKEG KATNYOpieg OTIG KEVTPIKOTIOMNUEVEG TIpooeYYioelg eival ot ammoBnkeg yix triples (triple
stores) kat ot oplovTiwg dpepiopévol mivakeg (vertically partitioned tables). Xtnv m\eloyn-
¢la TV MEpTTOOEWY, Ta triple stores omwg 1o Virtuoso [Vix], to 3store [HGO3] ot to RDE-

3X [NW10] amobnkevovv RDF triples e évav am\oé oxeotaxd mivaka. H meptypadduevn Avon
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otnv epyacia [AMMHO7] mpoteivel pia puoikr opydvwon Twv triples mov Paoiletal oe vertically
partitioning tables. Xe éva tétolo oxrjpa, Ta triples KatavépovTal o€ TOAATTAOUG THVOKEG TTOL TTe-
ptexouvv dvo atrhec. KaBe mheldSa evag GUYKEKPLUEVOL TTiVaKA TTEPLEXEL TIG OTHAEC Yia TO subject
Kal To object ylor T ovykekplpévn W8OTNTA oL T cLVSEel. H mtpocéyylon autr) vmeptepel oo-
PWG TWV ATADV AOOEWV TTOL eKTEAODVV TTOAAAITAG joins o€ évay TepaoTio RDF mivaka 1} o€ mivakeg
dtotiTwy (property tables), ol omoiol 8e uIopovLV va SLaXelploTOUV ISLOTNTEG TOAATIAGDV TIHOV
(.. pia TIpr) evog subject mov cuvSéeTal e TOAAITAEG TIHEG).

Q0oT1600, ol KevTpikoToNpéVeG ADoelg Oev eival emektdotpes [MAYUOS] kat yia avtd to Ao-
yo €xouv vhortotnBei mio ponypéva cvotipata SetktoddTnong mévw amd triple stores yiax Tnv
evioxvon tn¢ amédoong tovg [AMMHO07, WKB08]. Xto cvotnpa Hexastore [WKBO08§], n mpo-
avadepdpevn Avon tpomoroteital, dedopévou dTL e§umnpetel amodoTIKA HOVO EPWTHHATA TTOL
adpopovV TIG IOLOTNTES Kot OXL YEVIKNG PpLOEWS epwTrpata. H mpotetvopevn dour detktodotnong
amote)eital and £€1 StapopeTikovg SeikTeg OV avTIpeTOMIOVY 1W0OTIHA Ta subject, object Kkat
property evog triple. KaBévag amoé tovg Seikteg emikevipahveTtal og éva povo oTtolxeio Twv triples
Kal opiCel pia lepapxnon ota evaropeivavta oTolxeia. Ztnv mpaén, ot deikTeg avToi LAOTIOLOVY
Oheg TG SuvaTég SlaTdEelg yia TIG SlapOpETIKEG TTPOTEPALOTNTES TwV TplwV RDF otolxeiwv mov
€Xel WG ATTOTEAETUA TNV aLENOT) TNG ATTOONKEVONG KATE TTEVTE POPEG OTN XELPOTEPT TIEPITITW-
on. Ta 8vo cvothpata [AMMHO7] kat [WKBO8] facifovtal o mapduote avTARYeLg Kot TTpo-
onaBovv va e€akeiyouv Tat TPOPARUATA TTOL APOPOVV TNV EMEKTACIUOTNTA TwV KEVTPIKOV RDF
stores 1oL LTTAPXOLY PeATIOVOVTAG THV ATdSd00T TouG o€ TTOAUTTAOKA epwThApata. Ta Svo av-
T& CLOTHHATA XapaAKTNPIfovTaL ATTO KATTOL0UG TTEPLOPLooVE (ot SuvaTdTNTEG avalTnong eival
TIEPLOPLOUEVEG OE UePIKEG povo 110TNnTeg oto [AMMHO7] eve oto [WKBO8] n amotipnon tov
EPOTNHATWYV YIVETAL HOVO OTNV KOPLA VLN EVE QITALTEITAL ETTITAEOV ATOONKEVTIKOG XWPOG) Kall
TIPOCPEPOLY HOVO SLVATOTNTEG SLAXEIPLONG KEVTPIK®Y ATToBnK®V.

Ooo avavel 0 6YKoG Twv Sedopévwy, 1) Staxeiplon Toug de Umopel var yivel amoTENETHATIKG
amtd TG KEVTPLKOTIOMHEVEG AVTELG KAl Yl auTd TO AOY0 éxouv TipoTabel Stapopa KATAVEUNUE-
va ovothpata otn BipAoypadia. Ocov apopa ta Sopnuéva P2P cvotipata, n mAeloyndio Towv
nipooTadeldv eaTialel oTov TpdTIO e Tov ottoio Ba katavepunBovv Ta RDF Sedopéva o€ tora-
nhovg peers. To cvotnpa RDFPeers [CFO4] amotelel pia amnd Tig apxikég mpoomndbeleg yia Tnv
amoBrkevon triples oe pic MAAN emkdAvyn [CECS04], 6mou 1o kd&Be triple elodyetal pe tpia
SlapopeTikd KAEOWE 0TNV eMmKAALYT TToL TTapdyovTat and to hashing tou subject, Tov object
Kkat tou property. To ovotnua ATLAS [KKK™T10] xpnotpornotei to RDE-peers yia tnv enepotn-
on Twv RDF dedopévwv. To GridVine [ACMHPO4] akolovBei pia moapopola mpooéyylon pe to
RDFPeers yia v eloaywyn Twv RDF triples oe pia P-Grid emikdvyn [AbeOI] kat Ta ammoOn-
KeVel o€ pia ok Pdon dedopévawv Tov KOpPov. Mia AN TAATGpOpUa IOV LTTOOTNPIlEL Epw-
THpATA povortatio Paoet Setktov eival n IMAGINE-P2P matdpoppa [ZSLT05] kat otnyv omoia
KATAOKEVALETAL piot OHACIONOYIKT ETTIKAALYT TIAV® artd pia Sopnuévn P2P emkdAvyn yia tov
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EVTOTIIOHO TV AVTIKEILEVWVY Kal TN Slayeipion Twv vmnpeotaov. Ta triples mov mepiéxouvv Tig TIHES
KOl TN 0X€0N TIOL CLUVEEL AUTEG TIG TLHEG aTToBnKeEDOVTAL OTN) ONUAGLOAOYIKT ETIKAAVYT), GTIOL
xpnotpomotlovvtal dopég trie. Tax epOTHHATH HOVOTIATION XWPIlOVTAL O€ LTTOEPWTAHATA, EVE N
emelepyaoia Toug yivetal oelplakd Kat emAbovIal KaT& UKo Twv index paths mov opifovtal
artd TIG oxéoelg HeTalD TV ONUACIONOYIKOV AVTIKEIHEVWY TTOL artofnkevovtat oto Chord da-
KTUALSL.

O)eg avtég ot mpoomdBeleg mov adopovv Ta P2P diktua eivart mbavd v odnyrjcovv oe umep-
GOPTWHEVOLG KOHPOUG TTOL OgV aTtoSiO0VV IKAVOTIONTIK& OTNV TEPITT®AT) oL artofnkevouy Ta
Snuoduin triples (0nwg yiax mapadetrypa o kOpPog mov eivat vevBuvog yia to rdf:type). Emiong
dev a&lomoteital n onpactoloykr) mAnpogopio ov eumeptéxetat ota idior Tor dedopéva Kat €10l
dnuiovpyeital n avaykn g dnpovpyiag emmpdobeTwv ONHACIONOYIKOV EMITESWV 1) TNG TIO-
pépPaong otn opydvwon Twv KOpPwv avaroya pe ta dedopéva (r.x. [KSHS08], [ZHDR0O9]) 1)
G eméktaong Tou RDF povtélov. Auvtég ot alayég mpooBétouy emmAéoy TOAUTTAOKOTNTA OTO
oLOTNHA Kat avEavouy To K6oTog dlatrpnong Adyw Twv enumpocbetwv Sopov, el8IK& KaTd TN
didpkela Twv evnpepwoewyv. Emiong, OAeg ol mpooeyyioelq auTég avTipeTomilovy OAa T TTpOPAT)-
HOTQ THG KATOVEUNHEVNG eTe€epyaoiog epwTNUAT®Y, dTToL pHeydlot dykol dedopévmv Tpémel va
avaktnBouv oTov KOpPo TToL €8e0€ TO EpWTNHA KAt va Yivouv joined Ttptv ovvexioel n) ammoTipnon

TV LITOAOTWV TUNHATWV TOL EPWTHHATOG.

2.5 Awayxeipion INoAvdiaotatov Aedopéveov oe P2P emkavyelg

2.5.1 To IToAvdidotato Movtéro Aedopévav

To moAvdidotato povtélo Sedopévwy eival éva HovTéNo TTOL XpOLHoTIoLE{TaL O€ aToBnKeg
dedopévmv (data warehouses) kal oe epapuoyég yia On-Line Avadvrixyy Eneéepyacia (On-Line
Analytical Processing - OLAP). O okomdg tov povTélov auTto eivatl va eEUTNpeTroeL TN ypi-
yopn €mAVON TTOAOTTAOK®V EPWTNHATWY, aipoL OAN 1 Stadikacia TnG avalvTikig enefepyaaiog
SadpapartiCetar online. To povtélo avto Bewpei Ta dedopéva oe popdn kUpwv dedouévawv (data
cube) 1) kUBwv Trov opilovtal arod diaoTdoelg Kat facts, 6oL Ta facts eivat aplOUNTIKEG peTpr)OELg
(numerical measures) [HKOQ]. Ot Sixotdoelg eival mpoomtikég (perspectives) 1 ovtotnTeg mov
xapaktnpilouv 1} katnyoptomolovy Ta dedopéva Kot oxnUatifovv Tig &kpeg Tov KUPouv. H opyd-
vwon Twv measures oe ¢va data cube amatitei va éxovv OAa Ta measures 1o {810 oxfpa, dSniadn
va €xouv 1o id1o aptBpo Sixotdoewv. Eva tumiko mapdderypa eivat To data cube yia Tig mwAnoeig
piog etatpeiog. e autrv TNV TEPIMTWOT, Ot SIAOTACELS HITopei va eivat Location, Time, Customer
Kal Product Kol TO measure 7o TepLypadouy va eival 0 GUVOAIKOG OYKOG TWV TIWANTEWV.

Y11g oxeotakég faoelg dedopéva, Ta dedopéva N Siaotdoewv LOVTENOTIOLOVVTAL WG TOHELG e

N 1816tnTeC. O TelecTrg TOL KOPOU eival 1) yevikevon oe N SIOTAOELG TWV ATTAWY GUVAPTHOEWV
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ovvdaBpotong [GCBT97] kat ektelel TOV LITOAOYIOHO TG CLVAPTNONG CLUVABPOLONG Yl OAOLG
Toug TiBavoig cuvdvacpovg opadonoinong Twv WoThTwy. H oxesiakn vlomoinon evog kKopov
elvat ouviBwg éva star oxrpa 1 éva snowflake oxnua. Zta star oxfipata, 1o dedopéva opyavavo-
vTal o€ mivakes Quiaxotdoewy (dimension tables), mivaxeg Twv fact (fact tables) kot vAomoinpéveg
Oyelg (materialized views). Evag fact table eivat évag peydhog, kevtpikdg mivaxag dedopévwv
IOV TIEPLEXEL TN pala Twv dedopévav Xwpic mieovaopovs. O dimension table avamaplotd pia
SikoTaon kat eptéxet €va oOVONo I8LOTATWY, TTOL Hitopel va axnuatifovv eite pia tepapyio (ov-
VoAIkT) Stdtaén) N éva mAéypa (pepikn Siatagn). To snowflake oxnua eivat pia mapadayn Tov
star oxnuatog, 6mouv pepikoi dimension tables éxouv kavovikormotnOei, wote pe To Staxwplonod
Twv dedopévwv o€ emmAéoV ivaKeg va armopevyeTal ) TAeovalovoa TAnpopopia.

H opydvwon tov dedopévav oe dtapopetikd emnimeda chvoyng He Tn xprion Lepapxtav eivat
obvnBeg pawvdpevo otig amobnkeg dedopévwv. Mia evvolohoyikr) tepapyia opilel pia akoAov-
Bia avtioTolicewv amd éva cvolo evvolwv xapnhov emumédov oe vYNAOTEPOUL emumédov, Ye-
VIKOTEPEG €VVOLleG. ZT0 TToALdLdoTaTo povTélo dedopévmy, ot dlaoTtdoelg pmopei va epLéxovv
TOMATAG emtimedo adpaLpeTIKOTNTAG TTOL OpilovTal ATTd EVVOLONOYIKEG LEpapXies ETTPETOVTAG
0TOUVG XproTeG TNV emtokdmnomn Twv dedopévav oe StapopeTika enimeda ovvoyng. ZopPwva e

1o [HKOO], ot akohovBeg OLAP Aettovpyieg yia 1o moAvdidotato poviého dedopévav opilovrat:

+ To Roll-up eivai n Aettovpyia mov ektelel T ocvuvabpolon oe éva data cube eite “avefai-
vovtag” pia evvololoyikn tepapyia piag Slaotaong eite petwvovrag Tig Staotaocels. Otov
HelvovTal ot SlaoTACELS, pia 1) TieploodTepe SloTATEG aPpaLpobVTAL ATtd TO GUYKEKPL-

pévo kupo.

+ To Drill-down emitpémel Tnv mhonynon arto Ayotepo Aentopepr] Sedopéva o€ TeploooTe-
po AemTOpEpP), €iTe KaTEPAIVOVTAG Hiar evVOLlONOYIKY tepap)ia piag StdoTaong eite pe Tnv

eloaywyn npocletwv Siaotdoewy.

+ H Slice and dice \ertovpyia extelel pio emloyn oe pio Sikotaon evdg oCLYKEKPLUEVOU

UTTOKUPBOV e aIToTEAETUA €VaV LTTOKDO.

+ To Pivot (or rotate) eivai pia Aettovpyio aImelkdvIonG TOL TTEPLOTPEPEL TOLG AEOVEG Oe pin

OYn WOTe va Tapéxel fia eVaANAKTIKT Tapovoiaomn Twv deSopévwy.

O vmoloylopdg evag KoPou eivat piar Stadikaoior Tov TEpIAapPAVeEL TN CAPWOT TWV XPXIKWV
dedopévav étol woTe va utohoyioel T cuvdpTnon cuvdBpolong oe OAeg TG OPAdOTIOTELG KAl
va SnHLoLPYNOEL TIG OXECLAKES OYelG e TO TiepteXOpevo Tov KuPou. H avénon twv Siaotdoewv
éxel wg anotéeopa TNV ekBetikn avénon Tov peyéBoug Tov data cube kal ylx avTOV TO AdYO

éxouv avantuxOei didpopeg uébodol yia Tov vrtohoyilopod twv data cubes oe KevTplKoTOIpEVA
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ovotpata. X1i¢ MOLAP npooeyyioeig (m.x. [ZDN97]), to data cube amobnkevetat oe éva mo-
Mdiaotato mivaka. To kVpto pelovéKTNUa avTnig NG peBddou eivat 4Tt Ta cubes eivat apotd
OTIC TTEPLOCATEPEG TIPAKTIKEG EGAPHOYEG pE Eva HeYAAo aplBpo adelwv KeA®V; To Yeyovdg av-
16 €Xel WG QIOTENETHA TN U ATTOTEAEOHATIK) dlaXelplon Tov xopov amobrikevong. Mia GAAn
Paoikn) katnyopio eivat ot ROLAP péBodot. H pébodog Bottom-Up Cube (BUC) [BRI9] mept-
YpdpeL ToV LTTOAOYIOpO TOL cube pe éva bottom-up TpoTTO, EEKIVOVTAG ATTO TOV LTTOAOYLOUS TNG
Tiung ALL. Eniong vmoloyiet pdvo tig group-by mhelddeg yla Tig omoieg n ouvdpTnon cuva-
Bpolong AapPavet Tipn peyalvtepn amd KAToto TpoKaBoplopévo eAGXIoTo KATOPAL. Aldpopeg
dAeg péBodot éxovv otnpixBel oto BUC, m.x. to CURE [MIO6] mov vrootnpiCet éva mapdpoto
ox€dlo ekTéNEDT G, EVK TALTOXpOVA LTIOC TN PIleL Lepapxika dedopéva Kat adaipel OAEG TIG LOPPEG
TIAEOVALOVONG TTANPOPOPING Yior TNV ATTOTEAETUATIKT XPHIOT TOL amtoBnKevuTiKo xwpov. Mia Tpi-
™ Katnyopia eivat ot Graph-Based pébodot, ot omoieg xpnotpomnolovy douég Sevdpiknig popdrg
ytoo TNV Katookeun} Tou cube kat v amoteheopatikn anodrkevor). To Dwarf [SDRKO02] eivoau
Hioe dopn mov oupTtiélet oe peydho Pabud ta dedopéva kat avtd emiTuyxaveTal e TNy e€dAeyn)
TwV KOveV pofepdtwv Kat katahniewv. Xmnv epyacia [SDKRO3], n apywkr Sopnp Dwarf éxet
emekTabel €101 doTe va vooTnpixBovv epwTipata cuvaBpotong oe k&Be eminedo Tng Lepapxi-
ag piag Sidotaong. Ta QC-trees [LPZ03] eivar piot GAAN Sopn} TOL MITUYXAVEL CUUTIIEDT) TWV
dedopévmv xpnotpomolwvTag apepdepeic TEXVIKEG Kot utooTnpilet roll-up kot drill-down Ael-
ToupyieG. 20TO00, OL TTPOCEYYIOELG AVTEG TTAPOUGLALOLY AVENHEVT) TTOAVTTAOKOTNTA OOV apopd

TNV KATAOKELT) TV SOU®V TOUG.

2.5.2 Texvikég Aeiktoddtnong oe P2P emikaAvyelg

Ooo avéavetn xprion Twv dedopévwy mov akoAovBovv To ToAvdiaotato povTélo deSopévav
oe SLaPopeG ePAPHOYES, OL XPTIOTEG TEVOLV VoL ATTATOVV TNV enefepyaoiot TOMOTTAOK®V epwTN-
HATWV (TLX. EPOTNHAT®WV aLVABpolong, eVPOLG TIHAOV, KATL). O arAdg punxaviopog lookup twv
“‘tapadootakav” P2P mpwtokdMwv dev eival emapknig kat n xprjon pévo Twv amhwv lookups
napouotalel XapnAn anddoon o€ epOTHUATA TIOAATAWVY 1810TATwV (1) ToAvSIdoTaTa). T ma-
padetypa, Eva epOTNHA Yot OAa Ta TTPOIOVTA Hiag eTalpeiag Tov Snpovpyndnkav amd éva ov-
YKEKPLHEVO KATAOKELAO TN KAl TTOLANONKAV Katd 1) StdpKela piog ouykekplpévng meptodov dev

etvat Suvatdv va emhvBei amodotikd pe tnv Pactkn Aetrovpyia lookup tov DHT.

H 8eikt006Tnon moAamA®V I8LOTATWV Yo TNV eIAVOT) TETOLOV €I60VG EPWTNUATWV OTTALTEL
1o keys mmov xpnoponolovvtat ot DHT emkdAvyn va epmepiéxouvy T onpacloNOYIKT TIANpO-
¢popia mov xpetdletar. Mio Avon yia Ty entitev€n autol TOL GKOTIO EivalL ) XP1OT TV TIH®V TV
1otV TIpog delkTodoTNnong (1] Twv Staotdoewv) otn dnuiovpyia Twv KAeWdIHdV. Ocov adpopd

Ta LlepapyLkd, ToAvSidotata dedopéva mov pelet@vTal oe auTh T dlxTpiPr), To amotéeopa piog
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TéTolag Avong Ba fTav n TOAAAIIAT eloaywyn} Tov i0tov fact oTnv emkdALYn, pia popa Yl KA-
Oe eminedo NG Lepapyxioag Kat pio popa yiax kébe mbavo cuvdvaopo petalld Twv Slaotdoewyv. H
TOMATTAN eloaywyT) Tov {Stov fact eivat piot Tpooéyylon mov pmopei va akohovdnOei otig DHT
emKaAVYelg yia va e€aopaliloTel 1) e€looppdmnon Tov GpopToL epyaciag Kot n Urap€n oMo~
TAQV avTLYpAPwV TTOL GUUPBAAAEL OTNV AVEKTIKOTNTA TOL CLOTHHATOG 0€ GPAApATA. L0TOCO,
1N ApPVNTIKN EMNTWON TNG TPOCGEYYLONG AUTHG eivat ol avlnuéveg amalTroeLg ylor armodnkeuTiko
XOPO TNV EPITTWOT TWV TOALSIAOTATWY, LEpAPXIKWY Sedopévmv, 6110V 0 aptipdg Twv mbavav

oLVOLAOHOV eival peydhog Kot avlavel ekBeTikd 600 avdvel o aplBpdg Twv diotdoewy.

Mia &AAn tpoc€yytomn mou akolovBeitat eivat n tomroBétnon Twv dedopévawv aToug KdUPoug
TOU SIKTUOV {E TETOLO TPOTIO, MOTE VA ETTLYXAVETAL 1] SPOHOAOYNOT TETOLOL €{d0VG EPWOTNHA-
TV 6TOUG LITEDBLVOLG KOUPOULG He XAHNASG KOGTOG ETIKOIVWVIAG KAl HIKPT KATAVAAWOT) EDPOLG
{vNgG. Ze auTr) TNV KATnyopio TpoTelvopevemy Aboewv eviaooetal 1 aflomoinon Twv Kapmolwv
IM\npwong tov Xwpou (Space Filling Curves - SFC) yiax Tov oplopd cuvaptrioemv mov Aappa-
Vouv LTIOYN TOUG TIG TIHEG TwV WOI0TATWY Yl TN Onpovpyia Twv IDs. Ze TéTolov eidoug mpo-
oeyylioelg, Oewpeital 6TL oL 1810TNTEG OXNHATI{OVY €var TTOALSIAGTATO XWPO, O OTOI0G AVTIOTOL-
xiCetau povadika oe pia didotaon kat avtiotpoda pe tn xprion piag SEC. H mpooéyylon avtn
ekpeTaleveTal TNV 1810TNTa TwV SECs va dnpiovpyotv Statdelg mov Slatnpovy TNV TOTIKO-
mta pe vynAn mhavornta. [ avtd T0 AdYO, Tar SECs €xouv xpnotpomoinOei yix T OelkT0d06-
on moAvdidotatwy dedopévav Kal e Tlo cLVNBLOHEVES EPapHOYEG OTIWG OLOTHHATA PACEWY
dedopévav [Bay97, TH81, LKOO] kat eme€epyaoiag eikovag. Ot avTioTolyioelg mov mopdyovtal
a6 éva Hilbert SEC mapovotdlovv kahOTepeg Suvatotnteg opadomnoinong 6mws mapatnpeitat
oto [MJESO1], SnAadn n tomikoTnTor petad TV aVTIKEPEVOY 0TO TToALdLdoTaTo xwpo dotn-
peital KaAUTepa HET& TNV AVTLOTOIXNOT) TOVG OTO Ypapikd xopo. Emiong, P2P cvotipata yix

deiktodoTnomn dedopévwv pe xpron Twv SEC propovv va Bpebolv oe oxeTikég epyaoied.

To Squid [SP04] eivat pia Chord emkdAvyn yia dedopéva TOMATTAGV ISIOTATWV Kal LTTO-
otnpiCel pepikég avalntioelg KAedtwv kat avalntioelg pe wildcards, kabaog kat avalnrroeig
evpoug Tipwv. K&Be data item meprypdpetal amo éva avolo amd d 1d816tnteg Kat avatifetal oe
avTo6 éva ID pe xprion piog ouvaptnong mov avriotolyilet Tig TIpHéG Twv WiotrTwy ot éva Hilbert
deiktn. Eav éva epotnpa mepthapPdvel evpn TIHOV, TOTE TO EPWTNUX UETATPETETAL HEC® TNG
avtioToixtong tov Hilbert SFC oe pia oetpd and epwtrpata SaoTnUdTeV, Ta omoia emAvovTalL
oto Chord daxtulidt. Ta Tnv amopuyr tng emilvong evdg epwTAHATOS PE TIANHUDPA, AKOAOUL-
Beitat pio avadpopikn Siadikaoia mov xpnotpormolei éva evowpatwpévo prefix dévtpo: Xe kdbe
Prita, peyahvTepa prefixes armo vtoyndpieg opddeg (clusters) avalnrovvrat. Eav évag koppog ei-
vat vrtevBuvog yia ta IDs pe To prefix mov epwtdTal, TOTE TO EPWTNUA TPOWOEITAL GTNV TOTIKN
Tou Bdon. Ztnv avtifetn mepintwon, Eekivave véa lookups yla 1o cuykekpLuéveg LTTOOUADEG.

IMapd 10 yeyovdg 011 N avalntnon twv SFC opadwv yivetat avadpopikd Kal 6Tt artokAeiovtal
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oL kOpPot Tov Sev TepLEXOLY OXETIKA SdeSopéva, 1 ouVOAIKT Stadikaocia xapaktnpiletal amd on-
HOVTIKO UTTOAOYLOTIKO KAL ETUKOLVWVIAKO KOOTOG, VK TIPOKUTITOLY TTPOPARHATA TTOL oXeTi{ovTal
pe TNV e§looppdmnon Tov GpopToL epyasiag. fia TNV armodpuyn avtoV Twv TPoPANpdT®Y, To Squid
EKHETOANEVETOL TO YEYOVOG OTL AVAHEVETOL O XWPOG KAESIWV TV d SlA0TACEWY va gival apaldg

Kat yta auto 1o Aoyo tor dedopéva Ba KATavEHOVTAL GTOUG Peers e OHOLOHOPPO TPOTIO.

To CISS [LLK™07] eivat éva dAlo mhaioto mov xpnotporotel SECs yix tnv avalrtnon mo-
Mdiaotatwv dedopévmv oe online maiyvidia TOMATA®V TaKTOV Kat P2P cuothpata katalo-
ywv. Ze auTiV TNV epyaocia, pio lepapxikn Sopr ovopatadooiog ylo kataldyouvg Bewpeitat. Mia
ovvaptnon, 1 omoia “Satnpei v TorkdéTNTA” (locality preserving) kat Paciletar oto Hilbert
SEC, mapdyet avtiototyioelg amnd keys moAamhwv bits oe keys tn¢ piag didotaong, étol dote va
emitevOel opadomnoinon Twv dedopévmv 0ToLG KOHPOUG yia va eival EPIKTH) 1 ATTOTEAECUATIKT
EVIHEPWOT) TV BECOUEVWY KAl 1) ETTIAVOT) EPWTNHATOV YO EVPT TIHOV O€ TOANATTAEG SIAOTACELG.
To CISS emnikevTpoveTal o€ epwTHHATA VI €01 TGV WLOTAT®V TTOL oxNHatilouy éva xwpo 600
Siotaoewv. Ta ebpn TIpOV ToV SlaoTdoewv OV avalnTovvTal avtioTotyilovTal oe vToyndLa
Sxotrpata and keys kat yiveral mpoomndBeia e0peong Tov KOpPou mov eivat vtevBuvog yla To
npoto key piag opadac. Mohig Bpebei o vevBuvog kopPog Tpowbel To epwTNHA OTOVG ETOE-
VOUG TOU KOUPOoUG HéXpL va avakTnBolv Ola Ta oxeTikd avTikeipeva. Ot ovyypadeig Tov CISS
vioBetovv pia forwarding-based otpatnyikn Spopoldynong mov Pertiotomotei T Stadikaoia
G emelepyaciag TwV epWTNHATOV KAl AITOTPETIEL TN GLHPOPNOT TwV KOUPwV oe avTiBeon pe Ta

OTOTEAEOHATA TTOV TILOTEVOLV OTL eTLPEPEL 1) SpoptoAdynon Tov Squid.

Mia ovvéptnon nov otnpiletat oe SECs ylax tnv avdBeon twv keys piog Sikotaong xpnotpo-
moteitat Kat 610 SCRAP [GYGMO4] kot o mapaydpeva kAedid armoOnkevovial oTa peers evog
SkipGraph Siktvov [H]ST03]. Xe avtd 10 000TNHA, TX EPWTAHATA EDPOLE TILWV HENETOVTOL KAL
n Spopoldynon Twv epwtnpdTwv yio vrtoyndpleg SEC opddeg yivetal péow Tmv UNXavIoH®V TOL
SkipGraph. Q61600, 0 aplBpog Twv SFC clusters pumopei va eivat TOAD peydhog Kat eivat BéPato
ot e€apratal ano to refinement eninedo Tov SFC. To ZNet [SOTZ05] mpoteivel piog mapdpota
npooéyytlon pe autr) Tov SCRAP; 1) KUplax Siapopd eivat 6TL 0 TTOALSIAOTATOC XWPOG XwpileTal
duvapikd pe tn xpron piag Z-curve. Eivatr mBavo ot kdpPot va eivar vtevbuvol yliax ovvexopeva
Sothpata Z-8tevfivoewy pe SlapopeTiKa UK avaloya pe TNV TAEN TNG KAUITOANG YL TO GU-
yrekpipévo didotnpa. Eva epdtnua edpoug TiH®V Tpowdeital apXIK& 0Toug KOPPOUG TToL TOug
éxouv avatedel Ta pkpOTEPQA prefixes, mpLv vtoAoyloTel ) emduevn avadpopr) TNG KAUTOANG yia

Tov KaBoplopd voYNPLwV SIACTNUATWY He HEYAAVTEPT) AETITOUEPELQ.

H a&lomoinon twv SECs yix Tnv avabeon keys piog Sicotaong oe avTiKeigeva mov meptyp&-

povTal a6 TOMAITAEG 180T TEG 0TOXEVEL 0TV TOTTOBETNON TwV Sedopévwy 0TOUG KOPBOUG e
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TPOTIO TETOLO WOTE VA S TN PELTAL 1) TOTIKOTN T TOUG KoL ETOHEVWE VA ETILTLY XA VETAL ) OLASOTTO-
N0T TAPOHOLWV AVTIKEIHEVWY. Q0TO00, 08 AUTEG TIG TTpooeYYioels Bewpeitat OTL LT PXOLY OL Kot
TAANAOL TPOTTOL KWOSIKOTIONONG YLt TV AVTIOTOIXIOT TWV TGV TV 80T TwV o€ éva ipokabo-
plopévo apldpd onueiwv oe k&be Sicotaon. [a Stadpopetikovg TUTTOVG 310TATWV (TT.X. aplBpovs,
nHepopnvieg, cupfolooelpég) mpémet va avartuxBovv Siapopetikég pébodot kwdikomoinong. H
avamtun avtev Twv peBodwv kablotd avaykaia Tn yvaoon 1 Tnv vmapén piog KaARg eKTipnong
TV TOaveV TIHOV piag 1810TnTag; Stapopetikd ot péBodol avtoi eival ISaitepa avamote eopa-
TikéG. Tavtdxpova, éva dANOG TIEpLopLopOG aTtd T Xprion Twv SEC cuvaptroenv eival 6Tt OAeg
ot SlxoTaoelg mpémel va xwplotoLy otov dlo aplBuod Staotnpdtewv. To mABog TiH®V TNG K&Oe
didotaong avédvel yiax peyahiTepeg pooeyyioelg (approximations) Tng KApImoAng, aAA& autod
€Xel WG ATTOTENETUA TNV AVENOT TNG TTOAVTTAOKOTNTG TOL UITOAOYLIOHOD TwV AVTIOTOLK{oEWYV, €l
dikd 6ty vtohoyiCovtat ot avtioTotyioelg petad SICTNHATOV TIH®OV OTOV TTOAVSIAOTATO XMPO
o€ pio oelpa SlaoTHATV TIHGV oTo eninedo Tov SFC. Meiwvovtag tov aplfpd tov mbavev
OLVTETAYHEV®V TV OLAOTACEWY HITOPEL VO £XEL WG ATTOTEAECUA Hial EVTEAWG A1) LOOPPOTINHUEVT

avdBeon avTiKePEVWY 0TOUG KOUBOUG.

Axdpoa vtapyovv didpopeg epyacieg Tov opilouy évav SlapopeTiKd TPOTIO 0PYEVWONG TNG
deiktodo1Nn0NG MoALSLGoTATWY Sedopévwy ae dopnpéveg emkalbyelg. Ektdg amd tig ouvapth-
oelg Tov Xpnotporotovv SEC, pepikég epyacieg opilovv Tig SIKEG TOUG CUVAPTIOELS VI TNV Kot-
TAVOUR TV aVTIKEWPEVOVY oTa peers. [a mapadetypa, ot 1diotnteg evdg Kautz ypapou xpnotpo-
motovvTaL arto6 alydpiBpoug yia hashing piag 1) meploodtepwv 1810THTOV TTOL SLATNPOVV ATTOAL-
N 1 peptkn Ta€vounon oe pio Sopnpévn emkalvyn mov ovopdletar Armanda [LCLC09]. K&Oe
KOpPOG TNV emKAALY eival LTTELOLVOG Yl EVa GUYKEKPLUEVO SIAOTNHA ATTO CUVEXOHEVEG TIHEG
pioG 1810TNTAG KAt eMITPETTOVTAL OL v {NTAHOELS Yl SIACTAUATA TV e Kotva prefixes. Mia d\-
An Katnyopia cLOTHHATWY TTOL TTpoopilovTal yia TéTolov eidovg dedopéva TpoTelvouy TIG KATAA-
AnAeg mpoektdoelg vntdpxovtwv DHT, m.x. Tov Chord rj tov CAN. To MAAN [CFCS04] emexrei-
vet 1o Chord kata T€To10 TPpOTIO MOTE Vo LTTOOTNPIlOVTOL EPWTHHATA Yo TTOMITAEG IOLOTNTEG KL
epuTAHATA eVpOLG TIHAOV. YAoTotel pia locality-preserving hashing cuvéptnon kat ektehovvtal
dapopeTikég eyypadég Yo kdbe ot Twv Mépwv. To MAAN vrootnpilet pévo mpoxabo-
plopéva oxfpata pe éva ouykekpipévo aptBpod Wotitwv. To MURK [GYGMO4] kataokevalet
éva Katovepnpévo kd-tree, ®ote va xwploTel 0 X0pog Twv SeSopéVwY o€ TAPAAANAOYpapa;, To
orola e TN oelpd Touvg avatiBevtat oToug Stabéotpovg koppoug. Kabe kdupog yvwpilet Toug yei-
TOVEG TOU KAl T EPOTHHATA TIpowbolvTal Katd HKog Twv oLVOEopwY Tou. Eva katavepnpévo
quadtree mapovotaletal yia tn detktod6TNn O™ KAl €MEpAOTNON XwpKaV dedopévwv ato [THSO7].
To kevtpoeldég Tov k&Be quadtree pmhok KatakeppatiCetal kat elodyetat o€ pia Chord emikav-
1. e 6AOUG TOUG TOTIOUG TWV TTPOCEYYIoEWV TTOL avapepOnKav, o 6TOX0G TTPog emiteven eival

N armopuyr) TG TVXAiag avabeong Twv dedopévwy 0TOLG KOHBOUG piat SOUNUEVNG ETIKAALYNG



180 Kegpdahato 2. Awaxeipion Aedopévwv pe xpron Texvoloyiov Opotipwv Koppwv

Kat 1 Sxtrpnon piag tadivopnong otov Tpdmo mov amrobnkevovtal ot Tipég. Emiong, ot epya-
OleG AUTEG EMKEVTPWVOVTAL KUPIWG TNV ATTOTENETHATIKT ETTIAVOT £VOG OCUYKEKPLHEVOU TUTTOU
EPWTNUATWV KAL AITAULTOVV TNV avamTun emumpdobetwv SopHmV yiar TNV emavadpopi XapaKTn-
PLOTIK®OV TTOL vTtooTnpilovTal mpwtapxika and to DHT, 6nwg n AoyaptBpkr Spopordynon, n
avadlopydvwon Tng Tormoloyiag Tou SIKTVOL HETH aTtd TI§ aPifels Kal avaxwprioels KOUPwV, N

e€looppomnomn Tov pOpToL epyaaiog Kat 1 SniLovpyia TOANXTIAGV aVTLYpAP®V.

2.6 Texvoloyieg [TAéypatog

O1 teyvodoyies TTAéyuarog (Grid computing) [FK99], [FKO3] emikevipwvovtat otn pehétn
KOATAVEUNUEVOVY LTTOSOU®YV, OTTOL OL XPrjoTeG SlapOLpAlovTal YEWYPAPIKE KATAVEUNUEVOUG TTIO-
pou¢ TIOL gvortoloLVTaL aTtd €va Kowvd peootoptkd (middleware). Ot texvoloyieg avTég vioBe-
TOUV TIG apxéG TOU HOVTENOUL AOYLOHIKOV TTov ovopdletal Service Oriented Architecture (SOA)
Kat Trapéxel arrpOOKOTITN TIPOGPACT OTIG UTTNPECIEG TTOU EKTEAODVTAL [ KATAVEUNUEVO TPOTIO.
To Baotkd XapakTnploTIKO TwV CLOTNHATWV ALTAOV eivat 1 VTTAPEN CaPAOG KaBopIoHEVHV KAVO-
VOV KL TTOALTIKGOV TTOU ETTPETTOVY TOV EVENIKTO, ACPOAT] Kol GLVTOVIOUEVO SLAHOLPATHO TTOPWV
oe SUVALIKEG, EIKOVIKEG OUAOEG XPNOTWY, oL omtoieg ovopdlovtat Eikovikoi Opyaviouol (Virtual
Organizations - VO)."Eva VO eivat éva cOvoho amnd avedpTtnTa ATopa 1)/Kal 0pyavIioHoUG TTou
opilovtal and avotnpws KabBopiopévoug Kavdveg Stapolpacpol. AVAHESK 0TOUG TIAPOXOUG Kal
OTOUG KATAVOAWTEG TV TTOPwV opileTal capwg Tt Stapolpdletal, mwg yivetat n mpdoPact) oToug
drapotpaldpevoug mOpovg Kat TIG oLVONKeS KATw amd TiG omoie AapBavel Xwpa o dapotpo-
opog [FK99].

To middleware touv ITAéypatog eival vmebBuvo Yo TNV aITOKPLYN TNG ETEPOYEVELNG KAL TNG
TIOAVTTAOKOTNTAG TNG LITOKEIHEVNG PLOLKTG LITOSOUNG Kot TTapEXEL EVVIaia TTpOaPaom aToug Xpr)-
o1eq. Ex166 and avto, to middleware amoteleitat amnd vnnpecieg mov eival KpIoLHEeS yia Tr AeL-
Toupyia TNG LITOdOUNG, OTIWG O CUVTOVIOHOG TNG XPHONG TV TOPWV, N TTapakoAovBnon Kat 1
KATaypadr NG Kataotaong tng vrrodopng, n diaxeiplon Twv SeSopévwy, N eKTENEDT) TV €p-
Yooty Kat GAeg Paotikég Aettovpyieg mrov oxetilovTal pe v vtoSopn. Av Kat 1 eKTENEDT) TV
epyaolmv Kat 1 Staxeipton Twv dedopévwy ptopel va yivetat oe TOAQTIAG site, 0 oxediaoudg Kd-
TIOLWV PACIKGOV AEITOVPYLAV YIVETAL AVAYKAOTIKA [E KEVTPLIKOTIONHEVO TpoTto. [ Tnv aoropuyr
UTTEPPOPTOUEVROV KOUPWV, TNV eMITEVLEN KAADTEPNG SLABECIUOTNTAG TWV LTINPECIAOV KAL TILO YPT)-
YOpwVv XpOvev andkptong dnuovpyobvtal TOAAITAEG UTTOGTACEL TNG iSlag vrtnpeciag. QoTtdoo,
N oTPATNYIKN avTH €Xel artodetyOel N ATTOTEAECHATIKY) O€ TTOAEG TIEPUTTAOOELG KATADEIKVDOVTAG

TNV AVAYKn Y& TV aVATTTUEN TILO KATAVEUNHEV®V ADOEWV.
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Ot vtodopég IAéypatog éxovv xpnolpomoinbel evpéwe Yl TNV eKTEAEOT) TTOADTTAOK®YV ETTL-
OTNUOVIK®V KAl ETILXELPNOLAK®V ePAPHOY®DV. Ol EPAPUOYEG AVTEG EXOLY AVAYKN Yia pic UTTOS0-
HI) TIOU TOUG ETMITPETTEL VA EKTEAODV TTOADTTAOKOUG LTTOAOYLOHOUG O€ gVpeig KAIPAKAG KAl KATA-
vepnpéva ovvoha Sedopévwy, ald kat Tnv amoBfikevon kat Stadoon Toug oe TOMATIAG site.
Avéhoya e To 0TdX0 TIOL éxel Tebel, Ta ouvoTApaTa TTAEYHATOG UITOPOVY Vo KATIYOPLOTIOL-
Bovv Paowkd oe Ymodoywoukd ITAEypara (Computational Grids) ko [T éypata Aedopévawv (Data
Grids). 2oppova pe To [FKTOI], éva Computational Grid cvotnua opiletal wg évo meptPal-
Aov 1Tov aroTeAeiTal ATt éva 1) TIEPLOTATEPA VALK Kot AOYIOHLKE TTEPIPANNOVTA TTOV T PEXOLY
aflémioTn, ocuvenr) Kat pn damavnpn mpooPaocn oe high-end vtoloylotikég SuvatdtnTeg. Xe av-
T& Ta IEpIPAaANovTa SiveTat HeYaADTEPT) EUPACT) OTOV TPOTKOTITO OIAUOLPACHO TWV TTOPWV TN
Snplovpyiat EIKOVIKGV OPYAVIOU®V TIOU ETITPETOLV TN CUVEPYATIQ, EVE® 1 TTAELOYNPIA TwV TIO-
pWV TIapEXOLV Kupiwg LTTOAOYLOTIKN toXV. Ta Data Grids eival katavepnpéveg ummodopég evpeiag
KAIHOKAG TTOU aIToTENODVTAL ATTO €TEPOYEVEIG TTOPOLG Kal eival IKavég va StayelpiovTarl peyd-
Aoug 6ykoug Sedopévwy. Ot Paotkég vmnpeoieg yia TNV TpoéoPacn oe eTepoyevei, amobnkev-
TIKOUG TTOpOLG, TNV armobrkevon, TN petadopd kal Tnv avalitnon dedopévwv Heyadhov OyKov
nieptypagovtat oto [CFKT00]. Ztnv mpaypatikdtnta cuvaviovtat vitodopég mov cuvivdlovv
XOPAKTNPLOTIKA KAl attd TiG VO KATNYOpPieq WOTE VA LKAVOTIOLOVVTAL OL AVAYKESG TWV XPNOTOV.

Q0T1600, Ta LITOAOYLOTIKE TIAEYHATO TIOL XPTOLHOTIOIODVTAL Kupimg yia Tn dtoxeiplon Twv
dedopévmv £xouy avayvwploTtel wg LTTOYNPLEG TAXATPOPHES, OTIOV HUITOPODYV VA EVOWHATWOOVY
unxaviopoi and 1i¢ DHT emka\OYelg doTe va TTapEXouV artodOTIKEG KAl ETTEKTAOLUEG LTI PETieg
yla TNV avakdAvym, avalntnon Kat LeTapopa Twv arodnkevpévwv dedopévav. Mepikég amd Tig
Paotkég vmnpeoieg HmopoV var eKTEAEOTOVV HOVO WG HEHOVOHEVEG LTTOOTAOELS dedopévou OTL
AIALTOVV TN YVAOOT) TTANPOGOPIaG YLt TN GUVOALKT KATAGTAOT TNG LTTOSOUNG KATA TNV EKTENEDT
TouG. O oXedlaopog Kal 1 avaTun TETOLWY CLOTNHATWY HITopel va emwpeAnBei amd pebodo-
Moyieg mov xpnotpomotovvTal ota P2P Siktuva yia 1 dtaxeipion SeSopévwv peyahov dykov, ot
omoieg odnyovvTal oe AVoelg Tov eyyvwvtat Tn dabeoipotnta twv dedopévwy otav avlavel o
6YKoG TouG 1 0 aplBudg Twv arrnuatwy. Ot pebBodoloyieg avtég umopolv va xpnotpomnondovy
Yot T1) HETATPOTIH TWV KEVTPLIKOTIOUEVWY UTINPEGLWV OE EMEKTACLUES, KATAVEUNHUEVES KAl A&LO-

TILOTEG UTTNPECIeG.
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<keyword> sea </keyword>
<author> Smith </author>

Middleware for
Data Management

Data Service

7| <title> Sun and Sea </title>
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<DRLSMetadata>
<uid> Unique Identifier</uid>
<filesize> 2621440 </filesize>

Sxfua 2.3: Emokonnon tHs apyiteKTovikrc tov middleware yix vy Siayeipion tov Sedopuévwv tov Gredia

2.7 Exkperallevon tov Kapmvleov ITAgpeong tov Xepov yia tn An-

povpyia evog Katavepnuévov Katdloyov Metadedopévav

Ot 1816tnTeG TV SFCs pmopotv va xpnotpomonBovv yax Sedopéva mov meptyp&povIal oo
TIOANQTIAEG SLAOTACELG, EV® 1) ONpactoloyio avT@V TV TIH®V dtatnpovvTal. Onwg €xet dn ov-
{ntnBei, moA\ég epyaoieg otn PipAoypadia e€eTalovy wg Htopel va yivel n) Staxeipton tétolov
eidouvg dedopévmv e amoteleopaTiko TpOTO Kat 1 enmilvon Twv exact match epwTnudTwV oA

KOl TWV EPWTNUATOV EDPOVG TILWV YPYOPX KAl [e aKpiPeLa.

H evotnta avtn meptypddel pia teXvikn mov mpotadnke ylo Ty adlonoinon twv 8oThTwv
1wV SFCs )oTe v oXedlooTel pia eMEKTAOLUN Kol KXTOVEUNHEVT LT peoia Yl T dloxelplon pe-
Tadedopévwv (Metadata service), n) omoia xpnotpomnotifnke kat otny matpoppa Gredia [GRE].
H m\at¢poppa avtr mapéxet pio vtodoun mov Paciletal oe Texvoloyieg IAEypatog Kat emitpé-
TIEL GTOVG TIPOYPUHUATIOTEG, OTOUG EMAYYEAUATIEG KL 0TOUG XPprioTeS va StapolpdlovTal ToAv-
HEGIKO LALKO TTOL éxel Tieptypddet amtd petadedopéva. Mia eMOKOTINOT TNG XPXLITEKTOVIKNG TOL

middleware mrov avantoxOnke yiax Tnv mhatdpoppa Gredia amnetkoviletat oto Zxnua 2.3,

To Metadata service mov ¢pthoeveital anod tn Metadata emikalvyn apéxel Eva Pnxavioud

avaliTNonG ylo TIG TIEPLYpadEG TOL TTONVHESIKOD VAIKOD Tou amofnkevetal oTnv mAatdpdppa
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Gredia. KdBe apyeio dedopévmv mov mepLéxel To TTOAVHETIKO VAIKO TTEPLYPAPETAL oTTO €vat V-
voAo 18101 TwVv 1ToL akolovBovv éva pokabopiopévo oxnpa petadedopévmv mov oxedlaotnKe
OOHPWVA E TIG AVAYKEG TV XpNoTwV. To moAvpesikd LAk meptypadetal amd moramhég Sia-
OTAOELG TTOU BewpolVTAL CNHAVTIKEG YL TO XXPAKTNPLIOHO TOU apXeiov Kal TNV avalitnon tov.
Ot tipég tov petadedopévwv Tou K&Be apyeiov dedopévmv epapPavovtal oTo apyeio pera-
dedopévwy (metadata file). O xprioTeg Tpémel va eival IKAVOL vor EKTENOVY point EpwTHHATA Kal
EPWTHHATA EDPOVG TIUAV YA TIG TIHEG TV TTOAXTIAGV 1810THTWV TTOL SelkTodoToVV K&be apyeio.

O polog Tov Metadata service eivat TOAD ONpAVTIKOS YI& TNV avalTnon KL TNV aVAKTN-
OT TOL TTPAYHATIKOD Tieplexopévou. H mpooéyyion mov akolovbeitat ovvhbwg ota ovoTipata
IMAéyparog eivat n dnpiovpyio evog Kevipikol Kataloyou yia kébe VO, o omoiog ouykevTpwvel
v mAnpodopia yla Ta armoBnkevpéva apyeio Twv Xpnotav Kot xapaktnpileTal ammod neploplopé-
veg duvatdtntec. Oco av€dvet o aplBpog Twv Xpnotov Kat 0 dyKog Twv Sedopévwy, N ouyKeKpL-
HEVT ADOT) AITOTLYXAVEL VO EEUTTNPETHOEL CTTOTEAECUATIKA TX OUTHHOTA TWV XPI)OTWYV. ZT1T) TTPOTEL-
vouevn TIpocéyylon, Ta petadedopéva armobnKevovTal 0TovG KOUPOUG TTOU CUHHETEXOLY O pia
DHT emkdlvyn mov Sopeital ovppwva pe to Kademlia mpwtdkoAlo kat o aplBudg twv peers
TIOV ETILOKETITOVTAL T EPWTHHATA HELWVETAL SUVAIKAE KL OLVETIWG GLUHPAvVEL TO (510 Kot 0NV
KATAVAA®OT) TOL eVPOLG {WVNG TTOL ATTALTEITAL Ylot T CUANOYT) TwV atoTeAeOUATOV. EmtimAéov, n
QVEKTIKOTNTO TOL CUOTAHATOG Og opapata e€aopaliletal KatevBeioy armd Tovg UNXavIopovg
dnuiovpyiog TOAAITAGOVY aAVTLY APV atd TOUG HNXAVIoHOUG TG i0tag TG DHT emikaAvyng xo-
pic va emnpedlet TNV AITOTENETUATIKOTNTA TWV UNXAVIOHOV EMEEEPYATING TWV EPWTNHATWV.

H npocéyylon mov axkolovBeitat yiax va kataotel duvatr) 1 emilvon Twv point epOTNHATWV
KOl TOV EPWTNHAT@V €0pOLG TIHGV Yl ToAvdiGoTata deSopéva Paociletal otn Paotkn d6THTA
Twv SFCs. Eva SEC avtiotol el cuvexOpeva éva CUHITaYEG SIAOTNHA OTO XWPO TwV d SIA0TACEWY
Kot To avtiotpodo. Eniong ta SEC Statnpotv Ty TomkdTn T, WOTE T ONpleia 0TO XWwpo TG piag
didotaong va avTtioTolkilovTal o€ KOVTIVAE OTHEIR 0TO XWPO TwV d SIAGTACEWV.

To SECs xpnotpomnotovvtat 0t Metadata emikkA\vyn ®OTe va eNNPeacTel ) TomobETnon Twv
dedopévmv oto DHT yxwpic va al&Eet o akyopiBuog Spopordynong tov DHT mpwtokdAhov.
O oT16x06 TMpog emitevén eivar va katah€ovv Ta apyeio Twv metadata pe moapepPepei TIHES
1S1ot TV 0t KOpPoUG pe KovTiva IDs, dote va petwdei o flooding oo dikTuvo yia Ta epwTrpaTa
evpoug (wVng.

Ztnv mpotelvopevn texviKn Oetktodotnong Bewpeital 6TL TO GUVONO TWV d IBIOTATWV TTPOG
deiktodotnon oxnuatifet éva xopo twv d Siaotdoewyv. K&be onueio oto xdpo avamaplotd éva
OLVOLAOHO TIH®V Yot TG OO TN TEG TTOL detkTodoTovvTaL. Ta onpeia Tov XwpoL Twv d SlACTAoEWV
avtioTolkiCovtat oe pio Sikotaon and éva SFC, onwg n Hilbert kapumvAn 1§ 1o Z kapmvAn. To
QITOTEAETHA EfVOL O XWPLOHOG TOL XOPOL TwV d SlaoTdoewy e 2k we\id, T omoia He TN oelpa
Toug avTioToli{ovTal péow Tou SFC oe 2 onpeia Tng piog SidoTaong. AvaLTIKOTEPX, O XOPOG

Twv d Slaotdoewv xwpiletat oe d kKOPouvg mov avtioTotyifovtal oe Siaotpata tov SFC. Xwpic
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oTTOAELX TNG YEVIKOTNTAG, K&Be umepkVPog Bewpeitat wg éva onpelo Tov xwpoL TwV d SlAoTAOEWY

Kal 1o avtioTolxo Siaotnua oto SFC wg éva onueio g piag didotaong.

Mia Baoikry diotnta twv SECs eival n avadpopikr Snpovpyia Toug. ApXIKA, 0 XOPOog TwV
d Siaotdoewy Yopiletat ot 27 kel mov avtioTolyi{ovTal oo First Order Curve, 6mov Bewpei-
Tt 671 10 k 1000t pe éva. SNV endpevn avadpopn, kKabe kel ywpiletat 24 popéc ardpa kat
avtiotoyiletat oto Second Order Curve. O aplOudg twv avadpopanv oxetiletal He Tov Mapa-
yovta k tov ovopaletal approximation order. O mapdayoviag avtdg kabopilet Tov aplBud twv

Slapepicewv TOL XWPOL KAl CLVETIOGS TNV AKpiPela ToL akyopiBpov.

Ol TIég TTOL TTPOKVTITOLY 01 piat StoTaon armote oy To GUVOAO Twv keys Tng Kademlia
erkéAoyng. Kabe key amoteheital and kd bits kat kdBe koppog tng emdAvyng Staxetpiletat
Sedopéva evdg ovvexdpevou diaotripatog Tov SEC. H avtiotoixion evog cuvSuaopol TIH®OY o€
éva ovykekpipévo key yivetat amé to SEFC module, to omoio vtohoyiet To amotéAeopa tng hash
ovvaptnong mov xpnotporotel to SFC yia va mapdryet o key mmov 6o amoOnkevtei otn DHT emi-
kaAvyn. To mapaydpevo key Siatnpei Tnv mAnpodopia mov epthapPdvetal 0T SOOUEVES TIHEG
KOL 1) AVTLIOTOIXLOT) EKTENEITAL HETAED TV TIHOV TOU XWPOUL TwV d SlacTdoewy o1 pia Sikotaon

Kot avtioTpoda.

To SFC module pmopei va xpnowpomnotel eite tn Hilbert kaumoin eite ) Z kapmoAn. To
Hilbert SFC ep¢aviet kahvtepeg 1810TnTEG opadomnoinong [MAKO3], [MJESOI]. H avrtiotoixi-
on evog onpeiov Tou xwpou Twv d dlaotdoewv 01N B¢on tov oto SFC Kat avtioToixwg dev &i-
vat pia armin Stadikacia kat 1 Svokolio avavetal avaloya pe Tov apldpd towv diaotacewy. O
UITOAOYLOHOG TwV JelkTwv Tov SEC prmopei va yivel pn avadpopikd e T Xprjon KUKAK®V OAL-
oOnoewv Kal Aettovpyieg amokAelotikov-n (exclusive-or) ota bytes cOppwva pe Tov akydpibpo
tov Butz [But71]. H dwadwkaoio TG avTioTtoixiong amd tov Xwpo TV d Slaotdoewy ot pia Sid-
otaon Kat avtioTpoda €xel Lhomoindel cUHPwva pe avTov Tov akydpiBpo. H didoxion tov SEC
yivetat pe Tov vrtoAoylopo ¢ KapmuAng avadpopika. To Hilbert SFC pmopei va mpooeyylotei
oe pio vynAoTepn AN pe éva ouvovaopd Twv First Order Curves mov éxouvv TPOCAVATOMOTEL
KaTaAAnAa. O vIToAOYIoHSG TV avTIoTOLKIOEWV LTTOAOYIleTaL pe TN Z KApITOAN elvat amAoboTe-
pOG Kal plor avTioToixton voloyiletal pe tn Stepmhokr) Twv Svadikav Ynoinv Twv SelkTtomv amnd

KaBe didoToo).

‘Eva mpdPAnpor Tov mpEmel vor aVTIHETWIILOTEL KT TNV EPAPHUOYT) TWV TIPOTELVOUEVWV Te-
XVIK@V 8elkToddTnong eival n Katdtpnon kabe didotaong ovpdwva pe tov aplipd twv mba-
vav Tipev yio kKabe 18idtnta. H pébodog mov Paoiletal oe SFC kat kabiotd duvatr) tnv emilvon
EPWTNHATWY EVPOUG TIHAOV TTpolToBéTeL SeikTeg pe oTtabepd aptBpd bits; yiax avtd 1o Adyo xpeld-
{ovTtal ouvapTHoELS avTIoTOiXIoNG TV TOAvVOY TIHOV piag W80TNTag oTig diadéotueg Tipég. Ot
TOTIOL T®V (SIOTATWV TIOL AVAYVWPIoTNKAV YIa TN CUYKEKPLUEVT ePapUOYT) elval cupPfolooelpé,

HUEPOUNVIEG KOl KATHYOPLEG.
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Ot 1816tNTEG TTOL €lvat TOTTOL KATNyoplag eivat eVKOAOTEpa Staelpiotpeg, Sedopévou OTL T
evpn TV TOAVAOV TIHOV EIVAL YVOOTH €K TV TIPOTEPMV KAL UTTOPODV VA aVTIoTOLXIB0UV 0TOVG
SaBotpong deikteg. Av Kol Tor pOTHHATH EVPOLE TIHAV eV eival pia cuvnBlopévn TepinTwon
Yl TIG KATNYOPLKEG IOLOTNTEG, N avartopevkTn Sidtaln Twv TIH®OV 1o emBaANeTaL 0TO emtinmedo
NG SLAGTAONG ETUTPETIEL TV AVAKTNON TOV apXeiwv HeTadeSOHEVWVY TIOL TTEPLEXOLV TTEPLOCOTE-
PEC aTTO pin KaTNyopies. e auTAV TNV EPIMTWOT), TO epwTNHa avadiatuniwvetat amd To metadata
module oVOpPwva pe T oVUPoon Tov akorovBeitat yla TN StATAEN TWV TIHGY KATE TN GA&OT) TNG
Kwdtkomoinong. Eivar mbavo 61t moAammAég SIaKpLTEG TIHEG CLVEVOVOVTAL O€ VAL T) TIEPLOCOTEPX
SloTHpATA OTAV VA EPOTNHA PTAVEL GTNV ETTIKAAVYT).

Mia amAr) péBodog avaloya e TOUG XAPAKTHPEG Exel avartTuxDel Yl TOV UTTOAOYIONO TNG
avartapdotaong o€ bit Twv 1810t TwV oL PITopolV va Katnyoplorotnfodv wg oupPolooelpé 1
nuepopnvieg. QoT1600, 0 aAplOPOG TWV XAPAKTHPWV TTOL KwSLKOTTOOUVTOL Kot CUUTTEPIAApPAVO-
vtat oto OeikTn piog Staotaong e€aptdrat amd Tov aplBud twv bits mov eivat Stabéotpa yax TNV
1O16TNTa 070 eMinedo NG eTKAAVYNG. AapPavovTag vrtoYn o0TL o aplBudg Twv bits Twv delkTwv
G k&Be Sikotaong eivat ioog, To MANBo¢ Twv TipeV Touv SFC Kuplapxeitat ammd TNV MOAVTTAN-
Béotepn 810N TA. [ v ammopevyBei ) vitepPolikr) avénomn tov aptBpov Twv bits mov xpnoipo-
TOLOLVTAL YA TNV AVATIAPAOTAOT) TV TIHOV TV I8I0TATWVY emAéyeTal To approximation order
NG KAUITOANG €TOL OOTE VO CUVETIAYETOL EVary AOYIKO aplOpd amo bits — avéhoya kat pe TIg ava-
YKEG TNG EPAPHOYNG — KAL OL TIHEG TTOL KWOLKOTIOLOVVTAL TIEPIKOTITOVTAL avTioTot o H Texvikn
G Kwdikomoinong éxet wg amotéheopa TNV aApapntikn Siatan Twv cLUPONOCELPWY OTIG AVTi-
ototxes Sixotaoelg. O oToX0¢ eival va amodpevyOei n) xprion evog peydlov aplBpot bits kat étot
oL avalntnoelg avadpépovtal o€ TILO TEPLOPLOUEVOVG XWPOULGS avalnTnong; apa ot avalntroelg
KATAAYOLV 0€ AYOTEPOUG KOUPOUG KAl eLTINPETOVVTAL TILO ATTOTEAECUATIKA. [Tepattépw (pLA-
Tpaplopa pitopel va akohovOnoeL o€ TepIMT®OT) TTOL 1) TIUN TNG OLUPONOCELPAG TIEPLEXEL TIEPLO-
0OTEPOVG XAPAKTHPEG ATIO TOV eTmITpemnopevo apliud. [a va amopevyBei n viepfolikn abénon
ToU aplipol Twv WoTATV TToL SelKTOS0TOVVTAL KXl CUVETIWG 1) TTOALTTAOKOTNTA TOU UTTOAOYL-
OHOD TWV ATTELKOVICEWV, TA TILO KPIOHA XAPAKTNPLOTIKA TIpETeL va emhexBouv yia va Setktodo-
™OoVV obpPwva He TN cLXVOTNTA avalnTnong Toug amod Toug xprotes. Puokd, Ta vITdAoLTA
XOPAKTNPLOTIKA HITOPOLV v oLUTTEPIANPBOUV 0TO apxeio Twv peTadeSOHEVWY OOTE Vo ETTLAE-
o oo eminedo NG edpappoyng (dnhadn, Ta xapakTnploTikd mov opiovtatl and to MPEG-7
nipdtumio [MPE7] yia molvpeotko meplexopevo).

H xprion touv SEC module 8ev ennpealet T Sadikaocia Tng eloaywyng evog apyeiov peto-
dedopévav otnv emkdivyn. Eva key Snpiovpyeital Bacel Twv TIHOV TwV ISIOTHT®V TTOL £X0LV
emlexOei va SetktodotnBovv Kat Siatnpei Tn onpactoloyikn TAnpoopio aLTOV TV TIH®V. Té-
Aog, TO apxeio KaTahryet oTov KOWPo 1oU eivat vrtebBuvog yia avtd To key.

H avdxtnon tou apxeiov petadedopévwy eivat epIKTh HOVO eqv eival YVwoTo To akpLpég key

TIOL XPNOLHOTIONONKE KATA TNV el0aywyr] TOL 0NV emKEALYN. AvTO onuaivet Ot n Aettovpyia
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lookup Tov DHT eivat moA0 meploptotikn. Edv évag cuv8uaopog Twv SetkToSoTHEV®Y TIHOV Yl
€V OUYKEKPLHEVO apXelo elval YVWOTOG eK TwV TIPoTépwY, ToTe To SFC module mapdyet to key
TIOL XpNoLpoToONKe KaTd TN pA&on TG eloaywyng Tov apxeiov kat To DHT lookup emiotpédet

10 avalnrovpevo apxeio.

Qo1600, N Aettovpyia TG avaltnong dev eival cuvhBwg emapkng kat ot DHT pnxaviopoi
Tip€Ttel va emeKTatfo v Kot va eITAOVTIOTOVV YL TNV LITOGTAPLEN TTOAVTTAOKOTEPWV EPWTNHATWV.
o apaderypa, 6Otay TOLAGXIOTOV pia Tipn Twv detktodoTnpévmy I8toThTwv dev poodiopiletal,
1dTE OAeC oL TIEG TNG SidoTaon g avThg avalnTovvTtat. Eva Staotnpa TIHoV o pia i} ieptocotepeg
Sxotdoelc popei va eploplotel edv kaboploTel pior apxIkr Kot piot TEAIKT TIHT Yior TO avTioTOLKO0
XOPAKTNPLOTIKO (1) XopakTNpLoTIKA). AapPdvovtag uroyn Tig 181otnTeg Twv SECs, Ta e0pn TIHOV
0TIG SLAOTATELG TOL TTOAVSIACTATOU XDPOL UITOPOVY VUL LETATPATIOVY O€ SIAOTHHAT TIUWV GTO
SEC. Qotdoo, mpémnet va BewpnBei To yeyovog 0Tt éva ammAo epOTNA TTOL TIEPLEXEL LOVO £va DPOG
EPWTOVHEV®YV TIHMOV 08 KATTOLo SLAOTAOT) UITOpEL Vot TapAyel TOAKTTAK [N CUVEXOUEVA TUIUATA

OTNV KAUITOAN, EVO HEPLKA ATTO AUTA T TUAHATA UITOPEL var TieptéXouv povo éva identifier.

H enilvon twv epotnpdtonv ebpoug TIH®V armoTeleitat and 00 PAGIKEG PATELS. ZTNV TIPWTN
¢aon mpoadiopilovral ot opddeg Twv SEC onueiwv oL amavTolV TO EPAOTNUA. ZTNV ETTOUEVN
¢paon), ot Aettovpyieg lookup ylax avtég Tig opadeg onpeiwv Eektvovy. O TPoaSlopIopoS TwV THN-
HaTwv Tov SFC popei va eivat TOAOTTAOKOG KAl UTOAOYLOTIKG OTALT TIKOG KAl Y10t UTO TO AGYO
0 LITOAOYLOUOG TV LTTOYNGIWY TUNHATWY HITOpEl Va YiVEL XPNOLHOTIOLOVTAG TIANpodopia aTtd
TOUG KOHPOLG TIOV EMOKEPTNKE TO ep@TNHA. OewpwvTag 6Tt To churn de xpeldleTal va avTipe-
TWTILOTEL OTIG EPAPUOYEG TIOL peleT@vTal, Kabe KOpPog yvwpilel Tov KOUPo pe To KOVTIVOTEPO
ID oo Siktvo kat datnpei éva Seiktn mpog avtod. Kabe popd mov éva epmTnpa yiax 1o apyiko
ID tov ebpoug TIHAOV PpTavEL Oe Evav KOPPO, 0 KOUPOG auTog capmvel Ta keys Tou kat Ta apyeio
HetadeSopévwy oL aTtofnKeLOVTAL TOTIKA KL ETOTPEPEL AVTEH TTOV TV TAVE TO ep@TNHa. Erti-
onpaivetat 4Tt n SeiktodoTnevn TiUn amobnkevetal oe pia Tomikn Pdorn dedopévay, dote dTay
€vag KOpPPoGg APeL éva epOTnpa HITopel va evToTtioel eDKOAA T apXela Twv HeTAdESOUEVRV TTOL
QITVTOOV 0TO EPWTNHA e pia ammAn) aval{iTnon otny tomikn faon dedopévwv. Edv évag koppog
efvat vteBLVOC Yl Evar THRHA TOL {NTOVHEVOL SO THHATOG TLHAV, TOTE TTpowbel TO epwTNHA
otov enmopevo KOpPo. H mpockdnon touv epwtripatog ocuvexilel péxpl Ta avTiKeipeva TTOL avry-
KOLV 070 JldoTnpa Twv (nTovpevewy IDs va avaktnBovv. Metd améd avtd, to endpevo evpog IDs
vrtohoyiletat, To omoio meptéxel vmtoyndla IDs TOL AMAVTOVV TO EPWOTNHA KL AVIIKOLV O€ KOW-
Poug mou dev éxel emiokedptel 10N 10 epd TN H Stadikaoia Tng avalntong ya avtd to ebpog
IDs Sievepyeital Omwg éxet 10N TepLy padeL.

Svpmnepacpatikd, amodeixdnke ot n Tonobétnon twv dedopévwv Kat n detktoddTNON TwWV
aITOONKEVUEVOV TIL®V HITOPEL VA CUVTEAECOLV GTNV KATAOKELT i TTPONYHEVNG UNXOVIG arvor-

{ATNONG Yo TOAOTTAOKA EPWTHHATA, EVE® TO LITOAOYIOTIKS Kot SlaXelploTIKO KOOTOG {Itopei va
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ehaylotonownbei otav alomoinBovv ot DHT pnyaviopoi mov o8nyolv o€ eMEKTAOIHEG KAL AXVE-

KTIKEG 08 OPANHATA ADOELG.
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KEDAAAIO 3

[Tpooappootikég MéBoodot yiax tnv Katavour kat

Avalrtnon Evvololoyikev lepapyimv

o Kegpddaio B mapovoid(er éva ocvornua yia v emelepyacia palikdv, tepapyikadv 0edoué-
T vwv (bulk data) oe Sopunuéves emkalvyers mov ypnowomowody Karaveunuévovs Iivaxes
Karaxeppationod (DHT emkalvyeig). Ot evvoiodoyikes tepapyies ouvelopépovy ONpavTIKd oTHV
0pyAVWOY Kal ETAVAXPHOLUOTION TN THG TIANPOYOPIaG KAl XPHOULOTIOLOVVTAL EVPEWGS TE Wi TIAN-
Oopa epapuoydv ata mAnpopopiakd cvoriuara. O aTéxos mpog emnitevéy eival j amoTeAecuaTiky
ano0nxevon Kat emepATNON SESOUEVV TIOV 0PYAVWOVOVTL OE EVVOLOAOYIKES LEPAPYIES KAl KATAVE-
povrar o€ i DHT emxdalvyy. H ypnowomoinon uiag DHT emxdalvyng diver Ty Svvarotyta tHS
“dueons” avripetdmons (MTHUdTOVY 0V ITPOKALOVVTAL ATIO Ti§ AYIEELS/AVAXWPHOELS TWV KOUPBWY
(node churn), mapéyet pnxaviouotvs yia v dyptovpyia moAdamddv aviypdpwv (replication) kou
npoapépel pia aiomory Aoy yiax tnv amobrxevoy dedopuévwv ue kataveunuévo tpomo. EKTog
ané v aéomoinon Twv 1010THTWV TV DHT emkaliyewV, oL TPOTELVOUEVES TEYVIKEG TIPOTHE-
povY TH SUVATOTHTA YL TIPOTAPUOTTIKY OELKTOOOTHON AVALOYA e TO ETTITTEO AETITOUEPELAG TWV
ELOEPYOUEVWY EPOTHUATWY KaL yia online evipuépwon Twv Sedouévwv ue Yaunlo k6otog, eve dev
arouteitan 1y Stakomy TG Aetrovpyiag Tov cVaTHUATOG. OL TTPOTELVOUEVOL UNXAVIOUOL YL TV TEPO-
agapuoyn tn¢ SeLkToS0TNING ETTPETIOVY TTOUS KOUPBOUS va armopadi(ovv Uepovwuéva 1o emimedo
¢ detkT0d0THONG avddoya pe Ta eloepyopueva epwthpara. O deitovpyies roll-up kau drill-down
IOV OPLOTHKAY Yi THV TTPOTapuUoyy T1¢ Otk T000THOHG EKTEAOVVTAL 0TO ETTiTTES0 TOV KOWPBOU (0n

per node basis) yiax Tnv eAaxioTomoinoy Tov aTATOVUEVOV EVPOVS (DVHG KAl TNV ATTOTEAEOUATIKY
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g,c; Country ILO\/C::I — VO
City Category
ZipNo Region
Address Site

Yxnua 3.1: Mia evvorodoyixr tepapyia yia Yxnua 3.2: Mia evvorodoyiky wepapyia pe
10 “Location”. 10 “VO” w¢ root level.

emiAvoY epWTHUATWY TTOV apopolv Siapopetikd emimeda Aemropépeias. O péBodor mov xprouo-
oK 010 IPOKVTITTOV CUTTHUA EPapudloval yia TV KaTaveunuévy ektélear tov ITAnpopo-
pLakot Xvothpatos piog vrodours IAéypuarog (Grid Information System - GIS). Xtnv mepintwoy
auty, éva TARPWG ATTOKEVIPWUEVO TUTTHUA TIPOTEIVETAL Yia TH SHULOUPYL®, THV ETLEPOTHIY Kal
TNV EVIIUEPWOT UEYAAWY OYKWV LepapyikdV dedouévwy online. To ovoTnua avté umopei va Oew-
pnBei w¢ pia evarlaxtici Mooy o€ adykpion pe Ta “mapadooiakd” KEVIPLKOTIOUEVE TUOTHUATA
710V Ipocavatolifovial o€ TET0LOV L50UG EPapuoyEs Kat SeitkTod0ToVV A pWwS dAa Ta Sedopéva.
Ta extevi mewpapatikd amoredéopuara virooTynpiovV TO ETLXELPHUA OTL OL TIPOTELVOUEVEG TEXVIKES
arodetkvoovTaL moAD amoTeeopatikeés o€ mowkila poptia, Ta omola pmopel va: eivar molwuéva
eite mpo¢ éva emimedo eite mpog moAdamAd enineda tavtéypova. To TPOKVITOV CUTTHUX UTTOPEL
va pooapudletal oTig Eapvikés aldayég i SnuoTikoTnTAS TWV (HTODUEVWY TIUGY, EVE armoly-

KEVEL KL EVIIUEPDVEL UEYEAOVG Gy KOUG SESOUEVQV UE ULKPOS KOO TOG.

3.1 Ewaynyn

To P2P cuoTrpata XpnoLomololvTal kg piot Katavepunuévn kat aflomotn Abon ylax 1 Sia-
xetpton peyalov dykov dedopévamv. fia avtd 10 AdYO, 1 vioBéTnon Twv P2P emkaAbyewv ouvi-
OTATAL YO TO OXESIAOUO KATAVEUNHEVWY CUOTNUATOV eVpEeiag KAIpaKag Tov mpoopilovTat ylo
™ Olaxeiplon SeSopévwy HeydAov dyKOL Kal ylor TNV TTApoXT AELTOLPYIKOTNTAG avVTIOTOLXNG HE
QUTAV TTOL CUVAVTATAL OTA CLOTHHATA PAcewV dedopévmv.

Ye MOAEG edpappoyEg, Ta Sedopéva ovvrBwg tpoodiopifovtarl amd moAamhég 18totnTeg (1)
dlaotdoelg), mov utopovv va SopnBouvy pe SlapopeTika emtimeda AeMTOUEPELQG (e TN XPriOT EV-
VOLOAOYIK®V tepapxtav. Mia evvorodoyikr wepapyia () taévouia) mpoadiopilel pior akolovdia
QITEIKOVIOEWV aTTd YEVIKOTEPEG O€ elOIKOTEPEG évvoleg. [a apadetypa, To Xxripa B.J ameikovilet
N Stdtan TwV AVTICTOL(WV EVVOL®V YIX TO Location o1md 1o YEVIKOTEPO ETITESO TTOL AVTIOTOLYEL
0TO Country TIpog To eminedo peyahiTepng Aemtopépetag, Snhadn To emninedo Address. ITapola

aUTA, 0€ TIOMEG EPUAPHOYEG CLVAVTWVTAL EVVOLONOYIKEG Lepap)ieg pe “pepikn) Sidtaln” (partial
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ordering), 6TiwG 1 €vVOLONOYIKY lepapyia Time TTOUL TIEpLyp&del TO XPOVO Kat aTtelkoviletat 6To
Zxnua B.3. Oewpeitat 6TL To TpoTEVOHEVO OVOTNHA eV LITOOTNPIlEL AVTAY TNV KATNYOopIiX EV-
VOLOAOYIK®V LEPAPXLOV. OTOV Ol TIPOTEIVOHEVEG TEXVIKEG XPTOLHOTIOOUVTAL O€ EGUAPUOYEG Yial
™ Slaxyeipton Sedopévwy mov akolovBolv evvololoYIKEG Lepap)ieg He peptkn) Sopr), TOTE TipETel
va yivel pia avadiataén tov emmédwv wote ta enimeda va eival MARpws SlateTaypéva, Omwg
¢aivetal oto Zxnua B4 yix v tepapyia Tov Time. H didtan Twv enumédwv oTig eVVOLONOYIKEG
lepapyieg mpoadilopiletal ouvrbwg amd edikovs yia To eidog NG ePpappoyng 1}yl Tov Topéa
otov omoio avrkel. H opyavwon tng mAnpogopiag odppwva pe pia akolovbia ameikovioewv
aTto YEVIKOTEPEG O eIOIKATEPEG EVVOLEG EIVAL ONUAVTIKT) TOCO Yl TNV avaliTnon Tng 6o Kat
yia Ty enavayxpnotpornoinon tng. Ta dedopéva pmopovv va avalntnBovv oe SiadpopeTikd emi-
niedo AemTopépeLag, evm Ta Sidpopa emineda ovvoyng vtootnpilovtat amd tnv idia T Sopn Twv

dedopévamv.

Av kat éxel onpelwbel Tpdodog 6TOV AMOTEAETHATIKS SIApOLPACHO ATTA®V oXectakaV dedo-
Hévwv o Sopnpéveg Kat adounTeg emtikahvyels (drng ya mapadetypa otig epyaoieg [HHBT 03],
[OTZT03]), dev £xet dobei 1diaitepn pocoxn oe dedopéva mov vtoaTnpilovy Tn Xprion lepap-
xtov. Eldikdtepa, av Oewpnbei 611 pia DHT emikdvyn xpnotpomoteital yia tn Snpovpyio evog
KOTAVEUNUEVOL CLOTHHATOG EVPEING KAIHAKAG TTOUL TTpoopileTal yla TéTolov eidoug Sedopéva, To
TIPOPANHO TTOV TIPETTEL VA AVTIHETWTILOTEL e{val N AVATTTUEN TV ATAPAITN TV TEXVIKOV KAl [N)-

XaVIoHOV Yl 1) Stayeipton Kot ene€epyaoio dedopévmv e evvolohoyIkEG tepapyies.

H Saitepotnta mov mapovotaletal Katd TNy eL0aywyr) TTAELGOwV TTOU TIEPLEXOLV TIHES YIX
kaBe eminedo piog evvolohoyikng tepapyiog eival 6tL n amoBikevon kat n SetktoddTNCN TOLG
TIPETIEL VO YiVEL [IE TETOLO TPOTIO WOTE Vo €ival ePIKTN 1 eMIALOT epTNHATWV Yix KaDe emimedo
g tepapxiag. Qotdoo, ot DHT emkalbyelg vmtootnpilouv povo tov eVIOTIoUd TV KAESIOV
TIOL €X0UV Xprotpomtondel KAt TNV eL0aywYT TWV aVTIKEILEVWY o€ auTéG. H emloyr) Tng TIHng
evog emninedou yia ) dnpiovpyia Tov KAedov mov Ba avtioTolxnBel 0T oLYKEKPLHEVT TTAELGO X
Ba eixe oav ammoTéleopa TN SnpLovPYict EVOS CUOTHHATOG TTOL ATIAVTH ATTOSOTIKA HOVO T EPWTH-
HATA TTOL ApOPOoLV TIHEG aLTOV TOL eTLESoU, eve Ba xpetdlovTtay n enefepyaoio Twv epOTNUA-
TV TTOL apopovV Ta LITOAOLTA eTTITTES A ATTO GAOVG TOLG KOPPOULG TOL SIKTVOV. Mia EVOANAKTIKT
nipocéyyton eivat n Snpiovpyia StapopeTikadv KAESIOV Yl TNy K&Be Tipr Tng mAetadog Kat cuve-
TG 1 TOANATTIAT eloaywyn) TG TAelddag yiax k&Be éva khetdi. H mpooéyylon avtn 8ev pmopei va
amoteléaoel pia Piootpun Avon: Oco avdvel o aplBpdg Twv emutédwy, auEAvouVv Kat oL ATTALTHOELG
yta Tov anofnkevTikd Xmpo TTou KAToAapPAVETAL Yia T OUYKEKPIHEVT TTAEL&dSa. AV Kol OAa T
epoTApaTa Ba popovoav va emAvBolv xwpig va anatteitat n mpowOnon Touvg oe GAOLG TOVG
KOHPBOLG TOL SIKTVOV, 1) GLYKEKPIHEVN AVOT) B AITOTUYXAVE VO EVOWUATWOEL KAl VO UTTOO TN Pi-
el TI¢ oxéoelg Tov eumepLéxovTal oTig LepapyXieg. H Ao mov akolovBeitatl 0TIG TPOTEIVOpEVEG

TeXVIKEG elvatl LBPLSIKNA: Ot TIHEG EVOG ETITESOL AVAPOPAG XPNOLHOTIOLOVVTAL WG Tot KAELSIA TNG



192 Kepahato 3. TTIpooappootikég MéBodot yia tnv Katavopr kat Avalrtnon Evvololoyikav Iepapxiov

DHT emkdAvyng, eve pio mpooappooTikn Sopr elkTo0dTNoNG AvaTTOOCETAL YLot TA UTTOAOLTX
emnimeda.

‘Eva dM\o onpavTiKd XapakTnpLoTiKO TTOL LITOOTNPIlETaL ATTO TIG TIPOTEIVOUEVEG TEXVIKEG €i-
VAL T TTPOCAPHOCTIKOTNTO TOV TIPOKUTITOVTOG CLUGTHHATOG 0TO POPTIO EPWTNHATWY TTOL TOL AVA-
TiBetat, dSnhadn n mpooappoyn Twv dopwv detktod6TNONG Yl TNV emitevn KaAbTEPNG aItdd00Ng
Kal v e€looppomnon Tov popTov. H mpocapooTiKOTNTA TOL GLOTHHATOG eEAPTATAL ATTO TNV
IKAVOTNTA TOL Vot atopacilel owoTd pe €va online Kot KATAVEUNHUEVO TPOTIO Yl TNV EKTENEDT)
TV AELTOLPYL®V TIPOCAPHOYTG TNG SetkTodOTNONG. OL TACELG OTA EPOTHUATA KATAYPAPOVTAL OE
K&Oe KOpPO EexwploTd, £T0L KOTE va evTomifovTal Ta emineda oL {NTOVVTAL TIEPIGTOTEPO YIA
TG SLAPOPETIKEG VTTOOTATELG LEPAPXLAOV [E TNV (81 TIur) 0To YevikoTepo eminedo. H mpooappo-
y1 NG SelkTo8OTNONG TWV ELOAYOUEVROV TIAELAOWV avAAoya He Ta TTto OnHoPIAn emimeda avd-
VEL TNV ATT0SOTIKOTNTA TV HNXAVIOH®V YIX TNV ETTIALOT TOV EPWTNHATWV KAL CLVEICGEPEL OTHV
QTTOTEAEOHATIKOTEPN KATAVAA®OT) TOL eVpoug {wvnG. H mpooappoyn g Setktodotnong emtuy-
Xavetat pe TG Aettovpyieg roll-up mpog yevikdtepa emineda tng Lepapxiog kot drill-down mpog
xapn\otepa emineda g Lepapxiog mouv mepLEXoLY TANPOPopIx (e HEYXADTEPT) AETTOHEPELOL.

Ot avatepeg anattioelg AeOnKay vIToYn, WoTE va avarttuXBolv TEXVIKEG TTOL HITOPOLY VA
xpnotporotnBolv o€ éva KaTaveUnHéVO CUOTNHA TTOV ETITUY XA VEL L€ ATTOTEAETHATLKO TPOTIO TNV
amtoBniKevon, EMTEPMOTNOT Kot EVIUEPWOT) SeSOUEVWY TTOL OPYAVOVOVTAL € EVVOLONOYLKEG LEPAP-
xiec. Miot DHT emukdAvyn emdéxOnke oav éva afldmioto vmokeipevo eminedo yla Tn Staxeiplon
1wV dedopévmv mov ammobnkevovTal, SetkToS0TOVVTAL KAL ETTEPOTAOVTAL EV® TALTOXpOVA e€orhei-
povtal mbavd onpeio cupPpdpnong ov dnpLoLPYOLVTAL ATTO KEVTPLKOTIONHEVES KAL LEPAPXLKEG
nipooeyyioelg. Otndpoxol Twv dedopévmv elodyouv pepovopéva ta dedopéva Tovg 0To CUOTNHA.
Ta epotrpata cuvexilouvy va emdbovTal, Ve 1) eme€epyasia TwV OTASIAKAOV EVIHEPWOEWV Yive-
Tat pe armodotikd Tpomo. H meptypapdpevn Aoon Aapfdvel vmdyn ta emnineda Tov poTlodvTaL Kot
nipocappodlet Tig Sopég detkTodoTNOoNG KATAAMNAX WG TE va evvonBel ) emtidoon ToL CLOTHHATOG.
Emum\éov, To ipoTetvopevo oboTnua Slatnpei T onpacloloYIKH TTANpodopia TTOL eUITEPLEXETAL
otnv epapyia, xpnotpormotei “Sevopikég Sopég” (tree-like data structure) yiax tnv amoOrikevon
Twv dedopévav Kal Siatnpel deikteg pog cvoxeTi{opeva kAedid. H elocaywyn Twv dedopévav
He ToV TTeplypadopevo Tporo kablota Suvatr Kat TNV enilvon epeTHHETWY TTOL avadEpovTaL
0€ GUOXETIOHOVG HETAED SlapopeTIKOV emédwv TG tepapxiog Onwg: “Iowa sites avikovy 010
Vo ‘Biomed’;” 1 “Xe moio category avikel 1o region AsiaPacific’;

H epoappoyr mou peletdrot Kat XprotHoToLelTal TTdve atd To TPOKOTITOV GUOTNHA gival éva
KATAVEUNHUEVO KAl AT pwG AetTovpytkod TTAnpopopiakd Zvornpa yio vriodopég IAéypatog (Grid
Information System - GIS). Tat vtOAOYLOTIKE TTAEYHATA ETILTPETTOVY TO SLAHOLPATHUO TIOPWV [E TN
OLVEPYACIA TWV XPNOTWV IOV GUHUETEXOLY Oe etkovikols opyaviauots (VO). Eva VO eivar pua
opdda xpnoT®V 1oL TIpoépxovTaL atd SIEPOPOLE 0PYAVIOHOVG Kal cuVeEPYAlovTal Yl TNV eTti-

TeLEN eVOG oLYKeKPLEEVOL oKoTIoV. To Opapiar TTOL LAOTTOLE(TO OTAL LTTOAOYLOTIKE TIAEYpATA ivat
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n dnpovpyia evog SIKTOOL ATTO TTOPOLG TTOL EVEPYOLV OAV £VAG “eVIiog LTTEPUTTONOYLOTAG, EVER
Tavtdxpova e€acpaliletal n ebKoAn TPOCPUON TWV XPNOTWV GTOVUG TTOPOLGS avTolG. Exovtag
G OTOXO TNV aV&OEDT) TWV EPYACIOV OTOVG TILO KATAAANAOUG TTOPOLG Yl TNV EKTENECT) TOUG,
10 GIS amobnkevel OAN TNV amaltoVHEVN TTANPOPOPIa VI TA XAPAKTNPLOTIKA TwV Slabéotpuwv
TIOPWV TTOL TTapayeTal KaTa T Sidpkela TnG Aettovpyiog piag vtodopng MAEYHaToG.

Yrapyovv Sl&Ppopa CUGTHHATO TTOL HITOPOVY VA EKTEAECOUV TIG EPYAOIEG EVOG OUOTHHATOG
TIOL XPNOLHOTIOLEITAL O€ TETOLOV €{80VG ePpapPHOYES, OTIWG AVTA IOV TILPOLCLALOVTAL OTIG EPYX-
oieq [MDS], [RGM]. Opw¢ Ta CUOTHHATA AVTE EITE XPTOLHOTIOOVV KEVTPLKEG atoBrikeg AN po-
poplag eite LepapyLkég TTPOoeYYIoELS yia TO CUVOLACHO KAt TN GUVOYN TG TTAPAYOUEVNG TIANPO-
popiag: Ot mpooeyyioelg avTég SnLOVPYOLV TTPOPATHATA TTOL APOPOVV TNV EMEKTATLUOTNTA KAl
v anddoon TéTolov idoug Lo TNHATWY. ETiong, cuoTAHATA AVTIOTOLXX (e AUTA TTOL CUVAVT®-
vTatL oTIG Katavepnpéves Baocelg dedopévwv pummopotv va xpnotporoinBoovv yia amobrkevon Kat
EMEPWTNON TETOLOV €idoug TANpodopiag. L0TO0O, To CUYKEKPLUEVA CLUOTAUATH SV TTAPEXOLY
™ Suvatotnta TG cuvdBpolong TnG MapayOHeEVNG TTANPOPOPING Kot TG CLUVOTITIKAG T POLai-
aong NG oe SLapopeTikd eminmedo AeTTTOUEPELAG. AUTO OpWG ATTOTENEL ONUAVTIKO TIHPAYOVTA YL
epappoyég oe information systems evpeiag KA{paKag, 67OV TA EPWTHHATA OTOXELOLY SlaPope-
TIKG eTtimeda AemTopépelag Twv tepapylov: [a mapdderypa, epotipata mov adopovy taperbo-
VTIKN TANpodopia aTOXEVOLY KLPIWG T YEVIKOTEPA EMITTESK TV LEPAPXIOV (OTIwG group-by Vo
1) group-by Year), eve) Ta online epwtrpata oToXeVOLV eminmeda TTOL EUITEPLEXOVV HEYXADTEPT
Aemttopépela (.. group-by Site 1} by Day).

T var avTIHET®TTILIOTOOV TETOLOU €i00VG {NTAHATA, 0TI CUVEXELX TTPOTEIVETAL [id TIAPWG K-
TAVEUNPEVT Kol TTPOOAPUOOTIKY apXTeKToVIKN. [ mapaderypa, £0Tw 6TL Dewpeitot 6TL 1 Pdion
dedopévmv Tov ocvoTApaTog amofnkevel TANpodopia TTOL HITOpel Var CUCXETIOTEL PE TNV EVVOLO-
Moyikn tepapyia Tov Vo (dnwg paivetat oto Zxfpa B.2). Avth n mnpogopia mov mpoépxetat and
N ovvexr mapakolovBnon (monitoring) Tng Aettovpyiag TnG vToSopn g Htopel va TepLéxet Sid-
popa YeyovOTa (facts) OXETIKA e TNV KATAOTAOT TNG LITOSOUNG, OTIwG 0 aplOpdg TwV epyaciav
TIOUL eKTEAOVLVTAL OTNV LTTOdoUT, 0 APIOHOS TWV EPYNOLOV TIOL AVAHEVOUV TNV EKTEAECT) TOUG,
0 0YK0oG ToL dlaBéatpou armoBnKevLTIKOL XWPOU, O GUVOALKOG GYKOG TOU aItoBnKeuTIKO XWpPOoU,
K.0.K. Kdrrolot avapevopevol TOToL epoTNUAT®V TIEpIAapPavouy epwThipata Onwg “Ilotog eivau
o uéoog CPU xpovos” 1y “Ilowog eivar o eldyioros Stabéoypog amobykevtikds ydpos oe GB” yua

KATTolor GUYKeKpLpévn Tiun yia to VO emimedo.

3.2 ZvpPoAiopog

To dedopéva mpog amoBrikevon eloayovial 6To cVOTNHA He TN Hopdr) mAeddwy (tuples),

omou KkaBe mAeldda mepLéxel TIG TIHEG Y kK&Oe eminedo ¢€; piag evvololoyikng tepapxiog pe L
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root
level Year
Quarter
Year
N Month
Quarter
Week
Week
Month ee
Day

Day

Yxnua3.3: Mia pepiks SiateTaypuévy v- Exnpa 3.4: Mo mAipwg SiateTayuévy ev-
votodloyiky tepapyia yix To Time votoloykj tepapyica yia o Time

enineda. Eniong, kabe mietada mepiéxet kot o aplOuntikd fact mov meptypddetatl amo Tig mpon-
yoUpeveg TIpéG (TT.K. CPU Time, Available Memory, KTA.) 1§ TnVv tomoBecia Tov PpiokovTal Ta
Sedopéva. To vynoTepo emnimedo ¢ tepapxiog (£n) ovopdletal root level katn avTicToLKn TIUN
oV TtpoKUTTEL root key. Emiong opiletat 611 €, < &4, 6mov (a,b € [0,L — 1)), av kot pévo av &,
Bpioketal vynhotepa oV tepapxio (SnAadn eivat 1o kovtd oto eminedo £p) a6 1o . Ot Ti-
HéEG TwV emédwV NG tepapyiog opyavavovtal e devdpikég Sopég, pia ylo kébe root key. Xwpig
QTTWAELX TNG YEVIKOTNTAG, Oewpeitat 6Tt kaBe Tiur oto eminedo £; éxel Hovo éva aTépa 0TO eTti-
niedo £i_1. Katd tnv etlcaywyn piag mietadog emAéyetal éva emninedo Tng lepapXiog KoL n Tt Tov
TIPOKOTITEL aTTO TNV oLVAPTNON Katakeppatiopov (hash function) xpnowpomnoteital wg to xkAewdi
¢ mAeddag otnv vmokeipevn DHT emkdlvyn. H avagopa oto eninedo avtd yivetal ge Tov
6po pivot level ka1 avapopd 6NV TIHNA TOL yiveTal wg pivot key (1) pivot value). Téog, To vyn-
AoTepo Kal To xaunAotepo pivot level piag lepapxiag evog avykekpipévou root key ovopdalovrat

MinPivotLevel ko MaxPivotLevel avTioToiXwG.

3.3 Ewayoyn tov Asdopévav

To k\ewdi (key) yix k&Be AL TTPOKVTITEL ATTO TI) CLUVAPTNOT) KATAKEPHATIOHOD TTOL EParp-
Holetat oty TIpn Tov emheypévou pivot level. Ot mhelddeg avatiBevtal oToug KOUPOLG e “Ko-
vTvdtepa” IDs ot apayopeva KAedLd, oOpdwva e TIG TUTIIKEG Aettovpyieg Twv DHT emika-

Noyewv.

210 mpotevdpevo LT, TOCO 1 apxIKn eloaywyn (insertion) Twv MAelddwv 660 Kat oL
otadlakég evnpepwaoelg Tovg (update) avtipeTwmilovTal pe évav eviaio Tpomo. T Tnv exTéleon
TWV OLYKEKPLUEVWV AelToLpYLwV LloBeTeitatl n Snpovpyia evog MANPWG KATAVEUNHEVOL KATA-
Adyou Tov arroBnkevel Ol Ta root keys kat ta avtiotolxa pivot keys Tovg. Kabe root key aro-

Bnkevetat otov kOuPo mov eivat “wrtevBuvog” yia avTd padi pe pia Aiota and Ta pivot keys mov
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éxouv 10N eloayBei oto cvoTNHA. EmimpocBeta, o root key yvwpilet kat to MaxPivotLevel mov

XpnolporolBnke KAt TNV el0aywyr) TwV TAEGSwWV TTOL TTEPLEXOLY TNV T TOU.

H Siadikaoia mov akolovBeital KAt TNV elcaywyr) Twv MAelddwv £xel wg e€NG: ApXIKA TTo-
payetat To KAedl Yl T ovyKekptpévn mietdSa kot ekteleitat éva lookup yia To ovykekpipévo
KAewdi ot DHT emkdAvyn. E&v to vnd e€étaon root key vmdpyet, 1ote n mAetdda Katalnyel
oTov Koppo mov eival vtevBuvog yia avtd. H diadikaoio mov akolovbeitat 6tav to root key dev
vrtdpyet ndn otnv ermkdAvyn Bewpeital wg “cloaywyr’. Aladpopetikd, n Stadakaocio TG “evyué-

pwons” akolovBeitat (BA. Evotnta B.5.1).

Ye mepinTwon Tov ekTeleiTal o eloaywymn, pia wAetdSa iy pict opada Aetaxdwv pe to idlo root
key ¢ptavouv otov kopPo Tov eivat vrtevBuvog ylo avto. O kOpPog emhéyel éva pivot level (eite
He Tuxaio TpOTO eiTe CUUPWVA pe KATToloV TTpoKkaBoplopévo) Kat vitoloyiletat To pivot key (1) Ta
pivot keys tng opdSag Twv mielddwv) yia to pivot level mov emiléxOnke. Kabe katvovpyto pivot
key mpootifetat ot Aota pe o pivot keys. Téhog, kdbe mAetdda katoArjyet Kat amoBnkeveTal

otov kKOpPo Tov €xet To KovTivotepo ID oTo pivot key tng.

KdbBe kopPog opyavmvel Tig mhelddeg Tov og “0¢vTpa’” Tov dlatnpolv TNV tepapyikr dounon
TV TIHOV TOUG. Q26 ek TOUTOV, Kabe CexwploTh Tipn evdg pivot level avtiotoxei oe éva Stago-
PETIKO SEVTPO, TO OTT0I0 “aITOKAAVTITEL” KAl £VOr HEPOG TNG CUVOAIKNG LTTOGTAONG TNG LepapXiag.
Otav pia véa mAetdda ¢ptavel 6Tov KOpPo 1oL eival vTeLOLVOG Yl AVTHY, 0 KOUPOG YaxVeL Ta
KAetd1& Tov. Edv Sev €xel ndn amobnkevtei k&mota mhetdda yia To cuykekpipévo pivot key, 16-
Te Snplovpyeitatl éva véo 8évtpo pe éva pdvo kAGdo. Ze avtibetn mepintwon, mpootiBetal évag
vé€og KA&Sog mov TomoBeteital KaTw artd To pivot level pe TG véeg Tipég TG mAeladag mov Sev

vrtdpxovv 1dn oto SévTpo.

‘Eva mapaderypa eloaynyng piog mietddag amnewovitetat oto Zxripa B.5. Mia ovppacn mov
akohovBeiTal oTn YpaPLKr) aItelkovIon TOL OLYKEKPILEVOL TIAPAOELYHATOG VAL OTL TX CUHTTOYT
BéAN avamapioTovv deikTeg oL éxouv dnuiovpynei, eved Ta Stakekoppéva BEAN avTIoTOLKOVY
oe Aoytka Prjpata mov akohovBovvTal Katd TNV meptypadopevn Sladikacia TG e.oaywyng NG
mhetadag. Eotw 011 Bewpeitar 611 ot mhelddeg akolovBolv TV evvololoyikr tepapxia tov VO
TIov amtetkovifetat 0to Zxnpa B.2 kat 0t éxet emhexOei To €2 (Region) wg TO YeVIKO eminedo mov
XPNOLHOTIOLEITOL KATA TIG ApXIKEG eloaywYé. H véa mAetdda ov elodyetat 6To 0UOTNHA €XEL TO
root key esr’ . Epdoov 10 ouykekpiuévo root key Sev vmapyet 16n, évag véog Seiktng (index)
dnuiovpyeital oTov KOpPo mov eivat vevBLVOG Yo avTd TO root key. X1 cuvéxela, To eminedo
TIOL AVTIOTOLXel 0TO Region emAéyeTal g pivot level kat n mAel&da “npowBeital” oTov KOpPO IOV
efvat vrevBuvog yia To pivot key tng. O képPog avtdg Snplovpyel Eva véo 8évtpo To omoio oe

aUTH TN $AON ATTOTENEITAL ATTO HOVO €Vary KAGDO.
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Insert Tuple (esr,Tier3,SEE, HGsitel)

esr
Index from

biomed to pivot Tier3

SEE

HGsitel

biomed

Tier 2

Spain

SPsitel

DEsitel DEsite2 DEsite3

Exfua 3.5: Iapddeiyua eoaywyns piog kawodpytag meiddag, eve dev vdpyet O kdmota &ALy mAeidda
pe 1o (dio root key oTnv emxdAvyy

34 Avalnmnon tev Aedopéveov

Ta epothpata mov apopovv to pivot level avagépovial wg “exact match” epwtpata Kat
Htopovv va amtavtnBovv amevBeiag amd 1o unxaviopd g DHT emkdAvyng mov vlomotei T
Aettovpyia “lookup” Ta epwTHpATA TTOL APOPOVV TIG TIHEG TV LTTONOMWV emédwv Sev pmo-
poLV va emthvBov, ekTog Kat av “mAnpuvpicovy” TNy emiKAALYN Kot KataAnouvv oe GAOUG TOUG
KOHPBoLG TNG. @ETOVTag WG 0TOXO TNV afloTmoinon NG yVMONG TTou aItoKTIETAL KaTd& Tr Sidp-
Kela TN “mMAnppvpag” evag epotnpartog (query flooding), mpoteivetal n dnuiovpyia mpooswpivev
detktdyv QumArg karevBuvoy (soft-state bidirectional indices). Otav évag KOpHPOG amavtdet éva
EPWTNHA TIOL €XEL TIANUHULPLOTEL, ENEYXEL ETTIONG €&V Elval ATTAPAITNTO VoL EKTENEOTEL KATTOLA ATTO
TG Aettovpyieg roll-up 1) drill-down. Edv 8ev amatteitat n ektéAeon k&rmolag Tétolag Aettovpyi-
G, 0 KOpPog mov €0ece 1o epAO TN (0 KOHPOG AVTOG avadépeTal wg query initiator) Eekivdel Tn
Sadikaaio TG Snpiovpyiag evog Seiktn, HOAG AdPet TV ohokAnpwpévn amavtnon. [a avtd to
AdYo, 0 KOpuPog query initiator elodyel To KAedi TOL AVTIOTOLXEL OTNV TIHT TTOL pwTHONKE pali
HE TO AVAYVOPLOTIKE TV KOUPwV TTov amoBnkevouv Tig oxetikég mAetddeg ot DHT emikav-
yn. Emiong, ot k6pPot mov amoBnkevouy Tig mAelddeg auTEG EMONHAIVOUV TH CUYKEKPLHEVT) TLHT
wg deikrodornuévy (indexed). Tnv endpevn ¢popa 1oL Ba eKTEAECTEL €va EpOTNHA YL XLTO TO
KAetdi, n Paoikr) lookup Aettovpyia tov DHT evtomilet Tov koppo mov eivat uielBuvog yia avTto
KOl OLVETIWG TO Ol TN TTOL éxel SnpovpynOel Kat Tepéxet TNV TANPoPopia yla TOLUG KOUPOUG e

OXETIKEG TIAELASEG TTOL TIpETEL Var avakTnOouv.
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O1 8eikteg ov SnpovpyovvTal eival soft-state €10l wote va pelwbel n Statripnon mMAeova-
Covoag mAnpogopiag. Avtn n apadoxn éxet wg armotéleopa TN ANEN TwVv SEIKTOV HETA TO TENOG
piag mpokaBopiopévng xpovikrg meptdédou (Time-to-Live } TTL). K&Be popd mov xpnotporotei-
Tat évag vmiapyov Oeiktng, 1o TTL touv avavewvetat. O meploptopds autog e€aodalilel 6Tt ot
oAlayég oto ovoTnua (.. alayég oTig Tonobeaieg Twv Sedopévwy, oL adifelg 1} avaxwpnioelg
KOpPwv, KAT.) dev Ba éxouv wg ovvémela TNy vmapén “AavBaouévav” deiktov (stale indices),
ot ortoiol Ba éxouv apvnTIKN eMINTOON 0TNV ATOTEAECUATIKOTN T TOL lookup pnxaviopov. Emt-
TIAEOV, OTAV 0 AplOHOG TV OEKTWV PTAVEL Eva OpLO Lyay, TOTE 1 SnpioLpYia EVEG KaVOUPYLOL
Seiktn mpokakei 1 daypadr) evog 1) TEPIOCOTEPWV TTAAXIOTEPWV SEIKTMV. [EVIKOG, TO chOTNHA
Telvel va Statnpel Tou Tio “xpriotpouvg” Seikteg, dnAadn avtovg mov avadépovtal oe dedopéva
TI0L avanTOLVTAL CUXVOTEPAL.

Otképpot pe Tig mAelddeg oL eurtepLéxovV pio delkTodoTnHEVN TIUA TIPETEL VA YVwpilouy TNV
Umap€n evog Seiktn, woTe va Tov Sty payouy HeTd arto pia Aettovpyia mpooappoyng tng detkto-
dotnong (re-indexng operation). H duthr) katevBuvon (bidirectionallity) Twv Seiktov vioBeteital
HOVO Yl TNV e€aopahion TnG ovvoxng Twv dedopévwy (data consistency), mapd To yeyovag 6Tt ol
deikTteg eival mpoowpivol. Katd 1 Sidpkela piog Aettovpyiog mpooappoyng tng detktoddtnong,
ot ToroBeaieg Twv amodnkevpévwv mietddwv al&louvv Kat ol deikTeg TOL GLOXETI(OVTAL e av-
T€G TIG TAeL&Seg TIpémel eiTe va evipuepwBolV eiTe va Slaypadovy, WOTE [e AUTOV TOV TPOTIO Va
amotparei n dnuiovpyia “AavOaopévwv” deiktaov (stale indices). H emhoyn mov akolovBeital
elvat ) mMApng Staypadr) Twv Mpoowptvayv SelkT®wy, doTte va amodevxdel n avénon g mov-
TIAOKOTNTAG TWV UNXAVIOU®V TOL CLUOTHHATOG. Emumhéov, ) vmtapén Aemtopepons Anpodopioag
Yl évay vrtdipxovta deiktn dev eivar kaBoploTikng onpaciag yio Tov KopBo mov amofdnkevel Tig
miAetadeg TG detktodoTnuévng TIUAG. ApKel pia atAr) onpavon TwV TIH®V TIo eivatl delkTodo-
Tpéveg £Tol woTe va Slaypadel o deiktng av xpelaoTtel. Opwg og auTAV TNV TIEPITTWOT HUITopEl
va yivouv karoleg TAeovAlovoeg evépyeleg yia TN Staypadn Hn €YKUpwV OEKT@V TTOL €xouVv 1N
AM€et. Av Opwg Oev UTTAPXOLV TepLopLopol 0TO SlabEaipo amoBnKevTIKO Xwpo Kot 1 eme€epyacia
oo eninedo Tov KOUPOUL elvatl TPOTIUATEPT 0 GVLYKPLON He TNV eMPAPLVOT TNG KATAVAIAWONG
evpoug {wvng (bandwidth consumption), Tote pmopel va Kataypadetal Kot éva timestamp yia
TG SelKTOSOTNHEVEG TIHEG. e aUTHV TNV TepinmTwon, k&be lookup yia pia deiktodotnuévn Tipn
avavewvel To TTL kat otig S00 MAEVPEG TOL JelkTn Kal HOvo ot éykupol Seikteg SaypddovTal
KOT& TNV ekTéNeon piag Aettovpyiog re-indexing.

Y10 mapadetypa Tov Zxnpatog B.g éva epatnua y Ty Tipn ‘SEE’ emilvetal amevbeiag pe
™ xpnon g lookup Aettovpyiog Tov DHT mpwtokoilov. Katd tnv avalitnon TiHov mov avi-
Kouv oTo root level xpnotpomnolotvtat ot Seikteg Tov SnpovpynOnkav Katd TNV elcaywYH TwV
nietddwv. Qotdoo, kabe lookup Tov apopd onolodnmote ao emninedo exTdG amtd 1o pivot level
1) To root level dev emioTpédet kdTmolo anotéleopa. [a mapadetypa, Eva epdTnpa yio Ta dedopé-

va TIov Tteptypagovtal arto Ty Tin Tier2” Sev katakfyet 6Toug Svo KOHPOUG pe Ta avTioToLXX



198 Kepahato 3. TTIpooappootikég MéBodot yia tnv Katavopr kat Avalrtnon Evvololoyikav Iepapxiov

Query Indexed value Tier2
Index from
biomed to pivot
keys (Germany,

Spain) Tier3
.SEE
HGsitel
. Index from
biomed ?_ to (SEE)
Tier 2
. . biomed
Spainy 2. Use the index

toward nodes Tier 2

SPsitel

DEsitel DEsite2 DEsite3

Index from Tier2 to
(Spain, Germany)

Exnua 3.6: Iapdderyua avalitnons pe xpHion SELKTAV yia pia Tius mov Sev avikeL oTo emAeyuévo pivot
level

Sévtpa, otav exteleitat pio lookup Aettovpyio kat Sev €xel SnuiovpynBei 1n évag deikTtng yia
TNV TIHH QUTAHY. TNV €NOHEVT GpAOT, TO epWTNHA avTd TMANHpLpileTal oto DHT kat emopévmg
pOavel 6Tovg KOHPoULG TToV eivat vteBLVOL Y T KAeWdLd ‘Spain’ xat ‘Germany’. O kOpPog mov
¢0eoe To epOTNUQA eival TAEOV eVIHEPOG Yl TA LTTAPXOVTQ pivot keys kat Snpiovpyei Seikteg mov
amtoBnkevovv TNV MAnpoopia yior auté Ta pivot keys otov kdpPo mmov eivar vrtevBuvog Yl To
‘Tier2". O ovyKeKpLHEVOG KOHPOG Statnpel TAéov va SeikTn Tov Seixvel oTtov KOpPo Spain’ Kat
évav &A\o rou Seixvel otov KOpPo ‘Germany’. £10o péANoV, T EpWTHHATA TIOL apopolV 1o Tier2’
Ba ermAbovTal Xwpi¢ TANUULPA AOYW TNG XPTONG TWV TTPOCWPLVAOV SEIKTOV TTOL £X0UV SnHLovp-
ynOei. Onw¢ paivetal avolvtikd oto Zxnpa .6, éva epwtnua yia tnv Tipn Tier2’ tou Category
TIOL eKTEAE(TaL PETE TT) ONHLoLpYia TwV avTioTolXwV SEIKTOV PTAVEL 0TOV KOUPO TTOL eivat LTTED-
Buvog yla o KAeldi Tov, 0 0T0i0G e TN oelpd ToL TTPowDel To epWTNHA 58 OAOVLG TOVG OXETIKOVG
Koppoug. Ot képPot mov amoBnkevovy Ta SEvTpa He TNV TIHN AUTH ETMOTPEPOVV HOVO OXETIKEG

TIAelGOeq.

E¢ooov ta root indices dnpiovpyodvTal Katd Tnv el0aywyn Twv MAeldSwv, ot deikTeg auTol
Hropovv va xpnaotporotnfovv yio va BertiotomowmnBei n Stadikacia TnG TANUHOPAG KAl Vo HELw-
Bei 0 aplBpoC TwV UNVUHATOV Kot ) KATavdAwaoT) Tov Dpovg (wvng. OTav éva epdTnua emAveTal
He TIANUHOPQ, TO EPWTNHA ALTO TTPowDeiTal ATTO £vay KOUPO GTOV KOVTIVOTEPO Ye(TOVA TOL 0TV
ETIKAAVYT Kol KATAYPAPETAL TO EDPOG TWV AVAYVWPLOTIKWV TOU ETILOKETTTOUEVOL KOHPOUL (arvoar-

pépetal wg CoveredldRange). ZOudwva [e TNV TEPLYpaAPOHEVN TTPOGEYYLON Yl TNV artoBrikevon
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TV dedopévwy, edv éva ep@TNHO APOPA [ia TLUN) TTOL aVrKeL ot éva eminedo Tov PpioKeTal KA-
T amnd To pivot level Tov avtioTotyov G€vTpoU, TOTE OL AVTIOTOLXEG TINELADEG TTOL TIEPLEXOLY TN
OUYKEKPLUEVT) TIHT UITOPOLY Vo avakTnBolv pdvo amd évay KOpPo. Zuvenwg, n mpomdnon tov
TIANUHUPLOHEVOL EPWTHHATOG OAOKANpwveTaL HOAG Ppebei o kOpPog pe TNV epwtnBeioa Tipn.
‘Ooov apopd TNV MepMT®OoN evOG EPOTAHATOC VI KATIOIX TN TToL BploKkeTat éve amd To pivot
level, n mpocBnon Tov epwtuaTog de pmopei va oTapartroet poAig Ppedel o TphTOG KOUPOG TTOV
elvat vrevBuvog yla kaoto dévtpo Tov TepLEXel TNV Tiur) avTr. TTapola avTd, o KOUPog pmopei
VO QTTOVTROEL Pe T OXETIKA tuples otov kdpPo mov €0eoe To epdOTNHA KAl va TIpowBnoeL To epw-
TNHa 6Tov KOpPo Tov eivat utevBuvog Yl To root key. MO yivel n mapalafr) Tov epwTHHATOS
antd autov Tov KOpPo, e€etdletal To CoveredldRange OAwV TwV KOPP®V TIOL €XEL ETIOKEPTEL TO
EPWTNHA. XTN CUVEXELX TO ePpOTNHA TTpowbeital TapdAAnAa oe dGAovug Tovg KOUPOLE TTOL aTTo-
Bnkevouvv Ta pivot keys touv Seiktn mov dev mepthapPavovtat oto CoveredldRange. Xoudpwva
He aUTN TN oTPATNYIKN, N TANpogopia 1oL amobnkeveTal pali e To root key xpnotpormoteitat
Kal prropei va anopevyOel n emiokeyn OAwv TwV KOPPB®V TOL CLOTHPATOG KaTd TN dadikaoio
™G TANRULpaG. T mapddetypa, é0tw OTt Bewpeital N opyavwon Twv amodnKevpEvey TINELA-
Swv omwg paivetal oto Zxnua B.5. Apxikd éva epotnua yia to Tier2’ mAnppvpiletal oto Siktuo
Kal 1 tpocdnon tou Lexvdel and évav kKOpPo otov akorovbo Tou pe Se€ldaTpodo TpodTo. Zhp-
Pwva pe auTd TO OEVAPLO, TO EPWTNHA PTAVEL TTPOTH OTOV KOHPO pe To pivot key ‘Germany’. O
OULYKEKPLHEVOG KOHPOG TpowBei To epdTnua oTov KOpPo 10U eivat vtebBuvog Yl To root key
Omwg Tpodiaypadet n) epLy padopevn oTpatnykr. TeAkd, o kOpPog e To root index oTéAvel To
ePOTNHA TTOL TIANUHLpIleTaL pHOVO aTOV KOPPO TTOUL eival uTtevBuVOG Yl To pivot key ‘Spain’, Tov

oroiov To évTpo dev éxel e€eTaoTEl.

3.5 [Ilpoocappootikn AeiktodoTNnON

'Evag onpavTikog 6TdX0g IOV EMITUYXAVETAL OTIG TIEPLY PAPOHEVEG TEXVIKEG vt 1) SUVANIKN)
TIPOCAPHOYT TOL GLUOTAUATOG oTar online epwtrpata “oTo emnimedo Tov KOpPoL” (on a per node
basis), £Tot @oTe va av€nBei n avadoyia (ratio) Twv epwTUdTWV TOL SV MANHULpilovTal (non-
flooded epwtrpata). Lo TV emitevén avtob ToL oTdXOL, TPOTEiVOVTAL dVO AELTOVPYIEG TTOL OXeE-
tiovtal pe TNV emoyr tou pivot level: Roll-up mpog ta yevikdtepa emnimeda G eVVOLONOYIKTG
tepapyiog kat drill-down mpog emineda xapnAotepa amd to pivot level.

H 18éa yia v extéleon twv re-indexing Aettouvpylov yia Tig anmoOnkevpéveg metadeg Paoi-
(eTaL 670 YeYovog OTL 0 KaBe KOpPOG éxel pia KABOA KT OYn OA@V TV EPWTNUATWY TTOL KATEV-
BuvovTat pog Tig TIEG TToUL PpioKkovTal Tavw aTtod To pivot level, ahAd pia eldikdTepn 6Yn yiax Ta
EPWTAHATA TTOL KATELBVVOVTAL HOVO TIPOG TIG TIHEG TOU Yot Ta eMineda KATw artd To pivot level.
[ autd 10 AOYO, €vag KOHPOG €xel apkeTn TTANpodopia Yo va amodpaoioet eqv éva drill-down

Ba evvoroet TV avEnon Twv exact match epwTNUATWV yia TG TIHEG TOL. ATTO TNV GANN TTAELPE,
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évag KOHPog TIpémel va oLVEPYUOTEL Kl [e TOLG LITOAOLTTOUG KO POUG TToL artoBnkevouy pia TIpn
yix éva entinedo ¢; < pivotlevel Gdote va ammopacioet av avtd To eninedo givat Mo KATAAANAO.

To re-indexing Twv mAelddwv (Héow NG emloyng evog StapopeTikol pivot level) exteheitat
oto “eminedo Tov 8évtpov” (on a per-tree basis), xwpig va amatteitar KAOOAKIG CLVTOVIOHOG
OAwV TwV KOpHPwv. K&Be kOpPog ovykevTpwvel mAnpodopia PAcel TwV eloEPXOHEVWY EPWTNHA-
Twv (incoming queries) Kat pe ALUTOV TOV TPOTIO AVAKAAVTITEL oV TO €TAEYUEVO pivot level evog
dévtpouv mapapével To o OnpoPiAég Tou eminedo. H “OnpotikétnTta” (popularity) tTwv emuté-
Swv TV SEVIpwV EKTIHATAL COHPWVA He TOUG HEGOVG PLBHOUG TV ELCEPXOUEVWY EPWTNHATWY
(avagépertat wg InQ) yia pia xpovikn mepiodo. KaBe kopupog Siatnpei pia eyypadn (record) avd
dévTpo Yyl mAnpodopia mov Snulovpyeital o éva meploplopevo Xpovikd Sikotnpa W. H ma-
PAUETPOG aLTH) TIpéTiel var emiheXOel KATAAANAX OOTE VA YivovTal avTIANIITEG Ol HeTAPOAEG TwV
KATAVOU®V TV pOpTiwV, VO GLYXPOVWG Va NV ennpedletal N AYn TwV AIToPpAoemy aIto oTLy-
Hlotior KL TTOPXTTAQ VI TIKK GatvOUEVAL.

AvaluTikdTEPQ, 0 CUYKEKPLUEVOG PNXAVIOHOG AetTovpYei wg akoAoVBwG: Evag koppog pmopel
va eéyet edv amatteital pia re-indexing Aettovpyia cVOpPwva e Tov oTd)0 TTOL £XeL TeDEl TTpOg
enitevén. H otpatnywkr), mov emAéxOnke va vAomownBei, cuvendyetat 61t évag KOHBOG amodor-
oiCet edv éva roll-up 1 drill-down eivat avaykaio étav anaviioet éva flooded epotnua fj dtoy
éxet AngOei évag aplBpog amd epwtiuata ylo Tipég mov éxouv detktodotnOei (indexed Tip£g).
‘Eto1, eve o Pactkdg otdyog eivat n adénon Twv epoTnHaTwy 1oL ermAbovtal xwpig flooding, n
OTPATNYLIKY QUTH OTOXEVEL ETMIONG Kat 0TV av€non Twv exact match epoTnpaTOV.

O aptBpds Twv epwTnUaT®Y Yia indexed Tipég mov evepyomotei Tn Stadikaoia yla Tnv e€étoon
evog mibavo re-indexing oe kdmolov kOpPo propei va Stapépet kat 1 emhoyr) Tov aplBpov av-
TOU £XEL EMMTWON OTNV IKAVOTNTA TTIPOCAPHOYTG TOL CLOTHHTOG. H emihoyr) piag puikprg TIeng
ovvenayetal 0Tt To evdexduevo evog re-indexing e€etdleTal ouXvVOTEPO Kot yIa tLTO TO AOYO Tre-
plocdTepeG Aettovpyieg re-indexing eivat mBavo va ekteheotov. QoTd00, €4V piot armodpaot éxet
A ¢Oel eopadpéva, pmopei va SlopBwbei evkoldTepa. ITpémel Opwg va AndOet vITOYN, OTL KATA
™ Sidprela Twv re-indexing Aettovpytwy, ot vmtapyovteg deikteg StaypddovTtal Katl avTtod pitopei
V& €XEL APVNTIKT EMMTWOT 0TNV AOSOTIKATNTA TOL CUOTHHATOG. X TTEPIMTWON EMAOYHG Hing
HEYGANG TIUAG, TO cVOTNHA Telvel va expTATAL TIEPLOCATEPO ATTO TNV ATTOTEAECUATIKOTNTA TWV
deiktov. Katd tn Sidpreta TG Aettovpyiag Tov ovothpatog, mapatnpnbnke 61t ot re-indexing
Aettovpyieg eivart amapaitnteg, dTav oL o SnHodLAEiG TIHEG AVKOLY o€ eTtimeda e TIEPLO0OTEPES
drokpitég Tipég. H Snpiovpyia Seikt@v eveikvutal ePLOGOTEPO Yl TIG TIHEG TV LYNAOTEP®V
eMUTESWV TIOL €XOLV AYOTEPES TIHES, OeSOUEVOL OTL Ylor AUTEG TIG TIHEG avEavetal ) BavoTnTa
yia emavoalapBoavopevn xpnotpornoinor evog OeikTr).

Evag koppog anogaocilel edv éva re-indexing Ba evvorjoet Tnv avénon twv non-flooded epw-
TNHATOV CVHPwVA He To ‘popularity’ Tov kaBe emuédou kat akolovBwmvtag TN Stadikaocia pe Ta

Baowkd Pripata ov eptypdpovial atov ANydpiBpo B. Ztn Afyn tng amoddaong xpnotporoteitat
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Algorithm 3 Decision Algorithm in the node answering a query

pivotlevel: current pivot level
{;: the queried level of the flooded or indexed value
NotPivotKey: the flooded or indexed value
InQyo: rate of incoming queries for the tree with NotPivotKey
InQjy;: initial minimum rate to allow re-index operations
InQ,,: rate of incoming queries for the most popular level
action: the decided action
Lyop & FindMostPopularLevel
if £; > pivotlevel then
if (InQtor > InQjni) AND (€pop > pivotlevel) AND (InQg,,,
Drill-down to lyg,
action < NoAction
else if NotPivotKey is NOT indexed then
action < Createlndex
else
action < NoAction
end if
else if {; < pivotlevel then
if (InQyor > InQini) AND (£; = p0p) AND
(Ianq > thr X InQy,) then
action < PositiveToRollup
else if NotPivotKey is NOT indexed then
action < Createlndex
else
action < NoAction
end if
end if

> thr X InQyyt) then

N TaPA&UETPOG thr yiax va vrtodeifet eav amatteital éva re-indexing. To akdlovBo kpitrplo opilet

av emTpénetal éva re-indexing oe éva eminedo £

i=L-1
InQq, > thr X InQy,, €; # pivotlevel, thr € [0, 1]
i=0

Ztov meptypapdpevo alyopiBpo Bewpovvtal dUo mbavég TEPUTTOOELS TTOL LTTOJEIKVVOLY
™V avaykatotnta piog re-indexing Aettovpyiag:

To eminedo mov petnOnke (queried level) £, BpiokeTal xapnAdTepa oTnV 1epapyia amnd
70 pivot level Tov 8évtpou (£, > pivotlevel). Ze avthv TNV TEPITTWOT, HOVO éva EvTpo arobn-
KEVEL TIG TIHEG EVOG eTTLITESOL TTOL PpioKeTal KATw aTto To pivot level. (¢ ek TovTO, évag cuykekpl-

HEVOG KOHPOG éxel eTiyvwon Yl To akptPég popularity autdv Twv TipeVv Kat Bewpei Tov eavTd TOL
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“ikavd” va amrogacioet av Xperdetat éva drill-down. Eqv 1o 110 dnpo¢idég eninedo £yop Ppioke-
Tl K&Tw artd pivot level kat To avapepdpevo kpitrpto woxvel Y to InQ tov, 1dTe anopaoiletal
éva drill-down. Apov An¢Bei n andpaon y to drill-down, o koéppog Bpioket OXeg Tig Stakpt-
TEG TIHEG TOU KavoUpytov pivot level, Snpovpyel Ta KAelSIA yix kdBe pia armd auTég Kat oTéNveL
TIG VEeG OHASEG TV TAELGOWV GTOVG avTioTolKoUS KOpPoUG. H otatioTikn mAnpogopia mov éxet
18N ouMexBel amootéMetal pali pe pia opdda mAelddwv mov emAéyeTal TLXAIN, €TOL WOTE VX
StatnpnBei n MAnpogopia yia TNV KATAVOUN TWV EPOTNHATKOV TTOL OXETICOVTAL He TIG TIHEG TTOV
nieplexovtat 01o 8évtpo Tov ektelei drill-down yia to xpoviko Sixotnua W. Kébe deiktng mov
éxeL dnuiovpynOei yio omotadrjmote TIpr awtov Tov dévtpou Staypadetat. Eqv 8e amatteital pia
drill-down Aettovpyia, TdTE 0 KOPPOG EMIONHAiVEL GTNV ATIAVTNON TIPOG TOoV KOHPO TIoL éBeoe To
epWTNHa OTL TO eTtimedo ov pwTrOnKe PplokeTal KATw aTtd TO pivot level kot ocvvenmg Tt pmmopei
va ovveylotei apeoa 1 Siadikaoia yia tn Onpovpyia Tou soft-state Seiktn.

To eninedo mov petnOnke (queried level) £, Bpiokerar vYnAoTEPA OTNV LEPApXia aTd
10 pivot level Tov 8évrpou ({; < pivotlevel). Ocov apopd auTr| T TepinTwon mpémet va AndOei
UTTOYT OTL UTIAPXOLY TTEPLOCOTEPX ATTO £var SEVTPAL e TNV TIUN TTOL TTEPINAUPAVETOL OTO EPWTNHA
Kol Ta QEVTPa AUTA TIPETIEL VA CUHHETEXOLY o€ €var Ty roll-up mpog avto To emimedo. Aado-
PETIKE, N ava{nTnon avtng NG TiHng Oe Ba emotpéyel OAa ta anotedéopata. Eqv o threshold
KpLTrpto wKarvoroteitat yia 1o €, T0Te 0 KOpPog mov 1o €AeyEe eivat OeTikdg 010 evdexdpevo Tng
voB€TNoNG avToL Tov eTTESOL WG pivot level yla To cuykekpLpévo dévTpo. MéxpL Twpa, TO Pripa
aUTO Eival VoY VOPLOTIKO YL TNV TBav) TTapEn KATTOLXG avIcoppoTtiog Kot 0 KOHBoG Tov éBece
TO EPATNHA EVNHEP®VETAL Yl auTO TO evdexdpevo. O kduPog mov éBeoe To epaTnUa amtodpacilet
yloe TNV eKTéNeon evag re-indexing cOppwva e Tn Stadikacia mov eptypagetat atov ANyopiBpo
f. EdikoTepa, av o KOUPog avTtdg yvwpilel TOLAEXIOTOV €vav KOpPO TTo elvat TpdBupog va ekTe-
Méoel éva roll-up mpog avtd To eminedo, Eekivdel T Stadikaoio ya va emPePaiwoet TN pepin
auTn évOelfn e T XProTn OTATIKNG TTANPOodopiag TTOU TapéXeTal amtd OGAOLG TOUG KOUPOULG TTOL
oIT&VTNOAV OTO EPAOTNHA. META TN CLYKEVTPWOT) OAWV TWV EYYPAPRDV TIOL TIEPLEXOLY TNV TIAN-
podopia oxetikd pe 1o InQ yia K&Be eminedo TwV OXETIKOV SEVTPWY, 0 KOHPOG auTOG LTTOAOYIlEL
TN cuVoAkn Tipr Tou InQ yio k&Oe emimedo.

O vnoloylopdg Tov ovvohikol InQ yia k&Be enimedo eivar ovvBetog. Ta epwTrpaTa OV
apopovy éva entinedo ¢; yw £; > pivotlevel katahfiyouv povo oe éva KOpPo Kat yla autd 1o Adyo
vroloyilovtat pévo pia popd yia otatiotikovg Adyoug. H iSix i8idtnta Sev toxvel yia ta epwth-
HATO TTOL ApopOoLV TIHEG eMITESWV TTOL PpioKovTal LYNAOTEpa aTtd To pivot level. H eme€epyaocia
VTV TWV EPOTNHATWV HITOPEl va YiVEL O€ TIEPLOTOTEPOLG ATIO £vary KOHBOUG Katl ) KATAPETPNOT
ToUG yivetat og OAovg avTols. Katd T ouANoyT TNG OTATIOTIKNG TTANPOPOpiaG TTOL X PN OLHLOTIOLE(-
TAL OTIG AMOPACELS Yio roll-up, To TpOPANHA TNG TOAKTIANG KATAHETPNONG TETOLWV EPWTNHATWV
yta Tov UTTOAOYLOUO ToL TTpaypatiko InQ yia k&Be emimedo mpémel va avtipetwniotel. H molv-

TIAOKOTNTA TOL LITOAOYIGHOV ToL GUVOAIKOL InQ avlavel, SeSopévou oTt meplocdtepa amd éva
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Algorithm 4 Decision Algorithm in the querying node

l;: the queried level of the flooded or indexed value
NotPivotKey: the flooded or indexed value
action: the required action by involved nodes {action = PositiveToRollup if at least one node
is possitive to roll-up}
if action = PositiveToRollup then
Gather statistic information
Calculate InQ for each level
Uyop & FindMostPopularLevel
MaxPivotLevel < FindMaxPivotLevel
if (€5 = {pop) AND (InQy,,, > thr X InQor) then
Roll-up to
else if ({,,p > MaxPivotLevel) AND (IanW > thr X InQy,t) then
Group-Drill-down to £
else if NotPivotKey is NOT indexed then
Create Index for NotPivotKey
end if
else if action = Createlndex then
Create Index for NotPivotKey
end if

pivot level propei va vtapxouvv yia Ta epmekopeva Sévipa ot dadikacio Tov re-indexing. Ia
Tapadelypa, £0Tw 0Tt Bewpeital n popdrn Twv 8évipwv pe v Tiun biomed’ oto root level mov
¢aivetat oto Zxnpa B.7(b). Ztnv mepintwon avtiy, n tiur tov InQ yioo Vv Tiun Tier2” otéA-
vetal 800 popég ard Tovg KOpPovg Tov amobnkevouvv ta Sévtpa pe Ty TiuR Tier2”. T Tnv
atopu YT aLTOL TO GUUPAVTOG, TO povoTtdTt (path) mov mephapPdvel TI§ TIHEG Yia ON TQ €TTiTTE-
Sa oo [0, pivotlevel] ovpmephapPdveral pali e TNV AOGTOAY TNG OTATIOTIKNAG TTANpoPopiag
o0TOV KOO IOV €0€0E TO EPAOTNHA, £TOL MOTE VA AAPEL TN OWOTH ATtOPAOT). Me auThVy TNV TaKTL-
K1), 0 KOpPog mov Bétel To epwTnpa evnpepaivetal Y To MinPivotLevel kot To MaxPivotLevel
TV LITAPXOVTOV SEVTPWV e TNV TIUN TToL pwTnBnke (TTov amtd ed® Kat 0To e€1¢ avadpEépeTal wg
NotPivotKey).

E&v 1o InQ yua To eminedo {5 eivar peyalbTepo katd thr popég amd 1o GLVOAIKS aplBud Tov
InQ, téTE 0 KOHPOG MOV €BeTE TO epOTNHA €LGOTIOLEL TOUG EUTAEKOUEVOUG KOUPOUG Vo EKTENE-
oovv roll-up ota oxeTIKd d€vTpa TOLG TTPOG AVTO TO ETITTESO Kot VoL ELOAYOUV EAVA TIG TTAELXOEG
TouG. Edv To kpitrplo yiar v ektéeon Tou re-indexing yia to £; Sev ikavoroleitatl Kol 5edo-
HEVOU OTL €XEL LTTOAOYLOTEL 1] OTATLOTIKT TTANpodopia, 0 KOpPog oL €beoe To epwTnpor e€eTdilel
av anatteital éva drill-down oe éva entinedo €; > MaxPivotLevel (n 10dtnta avapépetar otnv
TIepITWOT TTOL O\ Ta epTAekOpeva dévipa Sev éxouvv 1o {810 pivot level ad& kot amd av-
T& éxovv 0N petafel oto MaxPivotLevel) coppwva pe Ta cuykevTpopéva otatioTika. H mpo-

O£YYLOoT) QUTH 0TOXeVEL OTNV ALOTIOINGCN TOL YEYOVATOG OTL O KOHBOG TTOU £XEL CUYKEVTPWOEL TA
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OTATIOTIKA £XEL TTLO OAOKANpwpéVT armoyn Yl To InQ tov kdBe emumédov. Emopévwg, eivat mbo-
VO va avaka Uyet 0Tt éva entinedo ¢; > MaxPivotLevel eivat 1o SnpodiAég oAN& auTr) 1 T&oM
Va NV €XeL RPAVIOTEL 0T HEPIKT EIKOVA IOV €Xel évag KOUPog Y To §évtpo tou. Edv KaTt
TETOLO LOXVEL, TOTE O KOUPOG IOV CUYKEVTPWOE TA OTATIOTIKE EVILEPWVEL TOUG EUTTAEKOHEVOUG
KOpPovg o1t amatteital éva drill-down mpog avto To eminedo. H Aettovpyia avtr) ovopdletat
Group-Drill-down Kot CUHHETEXOVLV TTEPLOCOTEPOL ATTO €vag KOpPol. Oha Ta d€vTpa pe TNV TIHN
TIoL pWTNONKe 0TO €q ektehovv drill-down oto kawvovpyto pivot level. Eav 1o katvovpyto pivot
level eivat ico pe o MaxPivotLevel, 1dte Tar §évTpa rov xpnotponolovv ndn to MaxPivotLevel wg
pivot level 8ev mpoxwpolv oe K&TOL TTIEPAUTEPW EVEPYELXL. X€ TIEPITITWOT) TIOL 1) CTATIOTIKI TIAN-
podopia dev vToSelkvUEL OTL TIpETeL va yivel KaTolo re-indexing, n meptypapdpevn Siadikaoia
Teppatilet pe T Snpovpyia Tou soft-state SeikTn ylax auTH TNV TLu.

Katd tn Stapketa TG Ayng piag amédpaong Kat Tng ekTéleong piog re-indexing Aettovpyiag
evepyorolovvtatl pnxaviopoi kKhetldopatog (lock mechanisms). O Adyog yia 1o locking eivat n
amouyt) TG Stepevivnong Tov evdexopévou yia re-indexing TOAMATAEG popEG KaTd T StdpKela
Tavtdxpovwy avalntioewv ota iSta Sévtpa. Talocks amevepyomotovvtatl Letd TNV OAOKANpwOT
G Stadikaoiag 1) peta tn AjEn piag pikprig xpovikng meptodov. Ta Prjparta twv alyopiBuwv B kat
g Cexivave av Sev vmapxouvv evepyomotnpéva locks, Ta omoia evepyoTmolovVTaL TN GUVEXELX Y1
T epmAekdpeva Sévtpa. Xty avtifetn nepintwon dev Eekivaet n Siadikaoio AYng amdpaong
yta re-indexing Kot anavTiETal HOvVo 1 epaiTNO.

‘Eva mapddetypo Tov ammoTeAeoUd TRV TV Teptypadopevwy re-indexing Aeltovpylov ¢paive-
TaL 670 Xxnpa B.7 kat apopd ta Sévtpa pe TNy T biomed’ oo root level. Ta dvo Sévtpa Tov
Zxnuarog FigureB.7(a) amoBnkevovtat oe Stapopeticovg koppoug tng DHT emkaluyng kat Oe-
WPOLVTAL WG N APXIKN KaTdoTaon Tpv T €vapln evog re-indexing. Apxikd, ag vtobécoupe
OTLéva epOTNHA Yia TO ‘Spain’ eivat n apoppn yia va Eexivrijoet éva drill-down. To amotéleopa
tou drill-down ¢aivetat oto Zxnpa Figure B.7(b). Eva epotnua yia 1o biomed’ umopei va €xel wg
amtotéleopa éva roll-up mpog to root level kat va oxnpatiotei To 0évTpo oL paiveTal 0To XX
B.7(c) i éva Group-Drill-down oto eninedo tov Region.’Eva Group-Drill-down 6« €xet cav aro-
Téleopa T SévTpa Tov ametkovitovtat oto Zxnpa B.7(d) kat Stapépet arnd to amAo drill-down,

adov Oha Ta Sévtpa ekterovv drill-down oo eminedo £s.

3.5.1 Evnpuepwoelg

Mia evyuépwon (update) kakeital n Stadikacia Tov akolovBeital KAt TNV eloaywyrn piog
nietddag, dtav 1o root keys tng eivat 10n amobnkevpévo otnv emkalvyn. H Suadikaoia g
eEVNUEPWONG aTToTENEITAL ATTO OVO SLSOXIKES PATELG: APXIKA ELCAYETAL 1) TIAELAXOX KAl 0TI CUVE-

Xelor evnpep@vovTal ot SeikTeg TwV TIH®OV TNG TToL eivatl mBavo va éxovv dn dnpovpyndei. H
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GAon TNG eloaywyng Stadépel eEA&xloTa o oUYKpLon He TN Owadikaoio TG elooywyng TTov €xelL
TepLypodet.

Ol evnpepaoelg Tou LTITEPXOVTOG cLVOIOL dedopévmy eival pia o TTOAOTTAOKN Stadikacia.
Kata tnv eloaywyr Twv Katvolpylov TAEGdwV, 1) emAoyn) Tov cwoTo pivot level eivat kpiotpn,
wote va eaopaliotel n opBoTNTA TwV avalntioewyv. H emloyn tov pivot level Sev eivat opwg
arhn, Sedopévou otL Ta pivot levels Twv amobnkevpévay §évipwy ylo éva ovYKeKpLHEVO root
key popei va moikidovv Aoyw Twv re-indexing Aettovpylmv mov éxouv 18n ekTeNeoTEl.

T Tnv emloyn Tov kKataAAnhou pivot level Aapfavovtal vmoyn ot akoélovBeg vtobéaeig:

o+ Edv pia katvotpyla mhetdda mepiéxet éva pivot key, 1dte 10 ovykekpipévo KAeldi mpémet va
xpnotporotnBei Katd TNV elcaywyn TNG. AlXPopeTIKA, ot avalnTHoEelg yia avTh TNV Tipn Oa

ETMIOTPEYOULV HOVO TIG TLHEG TIOV LTI PXOLV TIPLV oTO TNV KAVOUPYLX ELCOYWYT).

+ Axopa kat av dev €xel xpnotporotnBel kamota and Tig TIpéG TG mAetddag wg pivot key,
prtopei Kdmmolx amd auTég TIG TIEG va eivat Ndn amobnkevpévn oto diktvo. H emhoyn
piog TéTolag TIHAg wg pivot key Ba eixe wg amotéleopa TNV avakaAvyn pévo Tng Katvoup-
yiog mAeddag katd n Sikprela piag peANovTikng avalntnong. Lo va amopevybei kTl
T€T010, TO pivot level mov Ba emihexOel oe avTAv TNV TepinTwon mpémel va eival (0o pe To
MaxPivotLevel mov éxet xpnotpormotnOei yior Tig TAEIASEC TTOL TIEPIEXOVV TIG LTTAPXOVTEG
Tipég. Ot Aettovpyieg re-indexing Ba avalaBouv va mpocappdcovy kKataAAnha to pivot

level yio T1g KavovpyLeg AeLdSeC.

H Svokohia on Stekmepaiwon TwV eVHEPWOEWV ALEAVEL AOY® TOV YEYOVOTOG OTL 1) TTANpO-
¢popia yla Tig ammoBnkevpéveg Tipég Kot to MaxPivotLevel eivat katavepnpévn oe Stapopetikong
Koppoug. Aappdvovtag vmoyn avtd, vAomolibnke évag Katavepnpévog Kataloyog pe tn &n-
Hovpyia delkTov petald Twv KOUPwv mov eivat vrtevbBuvol yia 1o root keys kat Towv KOUPwv pe
Ta pivot keys, Snhadn amoBnrevovtat eyypadég yia kébe root key kat to avtiotola pivot keys
tou. H Peitiwon mov emitevxOnke pe tn mpooBnkn avtod tou Katahdyou divel T duvatotnta
yia online evnpepwoelg, eve To cVUOTNHX oLVeXilel vo e€UTINPETEL ATTOTEAECUATIKAE T OULTHHOTOL
TV XPNOTQOV.

Katda tnv elcaywyn piag kawvolpytag mielddoag, ekteleital pia avalritnon yx to root key.
Edv PBpebei to root key otov képPo mov eivar vmevBuvog yia avtod, tdte SiepevvaTal e&v KA-
TIoLAL ATTO TIG TIHEG TN TTAELGS G avTloTolel oe pivot key. Xe mepintwon mov LoxVeL aUTO, TOTE 1|
mAetada amoBnkeveTal oTov KOpPo Tov eivat utebBLVOC Yl To pivot key Kot ot KAvoLpYLEG TIHEG
NG K&Tw amno 1o pivot level mpootiBevtal oe évav katvotpyto KAGSo Tov vntdpxovtog dévipou.
Zmv avtifetn mepinmtwon, mapdyetat o kKAedi mov avtioTol el otnv Tien Tov MaxPivotLevel
Kal xpnotporoteitat wg pivot key katd tnv elcaywyn tng mietddag otnv emikdAvyn. H emhoyn

Tov MaxPivotLevel wg pivot level dev amoxAeiet Tnv Umapén TV BlwV TGV TTOL PpioKovTal



3.5. TpooappooTikh AeiktoddTnon 207

Tavew o1td To pivot level kat o dAAat évTpa; oLuvenag ptopel va éxovv dnutovpynBei kot soft-
state deikTeg TIPOG TIG TIHEG avTEG. Ot SeikTeg avToi Mpémel va evipepwBovv étol HoTe Ta indexed
EPWTAHATA Va eTOTPEPOLV OAX T artoTeléopata. [la TNV evnpépwon Twv delkTmv, o KOpPog
mov eivat vevBuVvog yia TN véa mAeldda avalntel OAeg TIg TIHéG Yo k&Oe emimedo ¢; mov Ppi-
oketal peta€d Tou root level kat Tov pivot level (0 < ¢; < pivotlevel) kat 6ot Seikteg Ppebovv

EVIHEPWVOVTAL KATAAANAX YLt TNV KatvoLpyla TAedda.

1. Update with Tuple (biomed,Tier2,Sweden, SWsite1)

2. Update with Tuple (biomed, Tier2,Spain, SPsite2)
Index from
biomed to pivot
keys (German ) Tier3

Spain, SEE
Sweden)
HGsitel
Index from
‘ey‘ to (SEE)

biomed

ONE
SPsitel SPsite2
biomed O)

Tier 2
Germany

Tier 20) |
Sweden(J. . DEsite1 DEsite2 DEsite3

Index from Tier2 to (Spain,

SWsitel Germany, Sweden)

Exfua 3.8: Hapadeiypara eviuépwons evég pivot key mov Sev vmdpyet kar evog mov vrdpyet Hn oty
emxdAvyy

Kdmrowa mapadeiypata ylo Ti¢ mbavég mepmtwoelg Kata Tn didpKeta piag evnpépwong mo-
povotalovtal oto Zxnua B.8. O koppog pe to deiktn yia 10 root key biomed’ katalfyet 610
ovprépacpa Tt Kapia and Ti¢ Tipég e mhewadag (biomed, Tier2, Sweden, SWsitel)” Sev avTi-
oTotyel oe Karoto amofnkevpévo pivot key. Emumhéov, o root key yvwpilet 61t to MaxPivotLevel
yia T S€vTpar TOU ival TO Region Kol EMTOPEVKG 1 TIAELGON ELOGYETAL [E TO pivot key mov avTi-
ototxel otnv T ‘Sweden’. To katvovpylo pivot key mpootiBetat ot Aiota pe ta pivot keys yia
avTo 1o root key. ITapoia avtd, n tipr Tier2” éxet ndn deiktodotnbel. Kata tnv avalitnon g
TN Tier2” ovppwva pe TN dadikaoio Tov akolovBeital ylor TIG EVIHEPAOTELS, O KOUPOG TTOV
efvat vTeELBLVOG Yl ALTO TO OEIKTN AVAKAAVTITETAL KAl ONHIOVPYEITAL £VOIG KALVOUPYLOG OE(KTNG
HeTtalV aLTOL TOL KOpPOL Kat ToL KOHPOL pe Ta paypatikd dedopéva. Kata tnv evnpépnon
yioo Ty mAeada (biomed, Tier2,Spain,SPsite2)’, o kKOppog mov eivat vrevBuvog yla To root key
‘biomed’ Tpoxwpdiel 0TNV el0AywYn TNG TAELASAG Xpnolponolmvtag To pivot key mov avtiotol-

Xel otnV TN Spain’ Kat éxel ¢ anmoTé\ecpa TNV MPocdnkn evog véou kKAadov oTov vmtapxov
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dévtpo. H Sewktodotnpévn Tiun Tier2” Sev emnpedletal Kat yior autd t0 Adyo Sev yivovrtal Te-

PULTEPW EVEPYELEG.

3.6 O¢partampog Xvinrnon

2ty evotnta avtiv avalvovtal kK&mola Oépata ov oxetilovtal pe TNV emMAOYN TV TTo-
PAUETPWYV TTOV XPTOLUOTIOLODVTAL OTIG TIPOTEIVOUEVEG TEXVIKEG KXOWG Kal PEATIOTOTIO)OELG TTOL

HITOpOUV va ePapHOCTOVY GTO GUOTNHA.

3.6.1 Amaitnoeig og pviun

H apXIlTeKTOVIKT] TOL TTPOTELVOHEVOL OULOTHHATOG amaltel TNV amoBrikevon emnpdobetng
TIANPOPOPING YLt TNV EGAPHOYT) TWV TPOTEVOHEVWY aNYOpiBH®V. AvaluTikoTepa, Kdbe kdpPog
NG emkaAvyng eivat mbavo va amoBnkevet Ty akdAovOn popdr) MAnpodopiag avaloya (e T

OULVAPTNOT KATAKEPUATIOHOD TIOL TIApAYeL Ta KAESLA KAl e TO GOPTIO EPWTNHATWY:

+ Aedopéva:'Exel OewpnBei 011 Ta Sedopéva rov elodryovTal 6To cUOTNHA AIToTENOVVTAL ATTO
TiAeladeg oL TepLEXoLV pia Tiun yia kabe eminmedo g lepapxiag kat To avriototyo fact
(1 facts). Otav pia mietada kKatahyet otov KOUPo mou eivat vrtevBuvog yia To pivot key
™G, elodyetal oe pia Sevopikr Sopr) TToL TEPLEXEL TO OLYKEKPLULEVO pivot key, éTol doTe
va aropevyeTal N TOAIAR armofrkevon Slwv TIHOV, eI8IK& 00V aPopa TIG TIHEG TV
enuTéSwv 1oL PpiokovTal LYNAOTEPA 0TO d¢VTPO amd To pivot level. Emiong, ot devdpikég
O0pEG SLELKOADVOLVY TNV AVAKAALYT) TWV TIU®V TIOU EUTTEPLEXOVTAL OTX EPOTHUATA KATH
™ ddpKrela Twv avalntioewv. [a kédbe amobnkevpévo §évipo, Siatnpeitatl Tovhaylotov
pior mAetda pe L aptOpntikég Tipég ylo oTaTioTikovg Aoyog, 6mou 1 kébe Tipun avtioTotyel

oe ¢va eninedo NG Lepapxiog.

+ Root Seikteg (root indices): K&be popd mov etodryetar otnv DHT ermkdAvyn éva Siapope-
TIK6 root key, dnuiovpyovvtat deikteg mpog ta pivot keys tov. Emumhéov, 6tav eloayetal
€va KatvoOpylo KAedi Tov avTIoTOLKel o€ €va uTtdpyov root key, Tote mpootiBetat Kat o

avtioTtolyog deikTng.

+ Soft-state Seixteq (soft-state indices): Ta flooded epwtipata €xouv cav amoté\eopa T
dnpiovpyia soft-state SelkTAV, TTOL XPNOLULOTIOLOVVTAL TN CUVEXELX YLt TT) YPNYOPOTEPN
enmiAvon Twv HEANOVTIKGOV epTNH&T®V. O pHéYIoTOG aplBpog Tov emTpenduevoy SelkTmv
opiletal pe TNV MAPEUETPO Ljyay Yit K&OeE KOUPO. ZUVETIAOG, O AMAITOVUEVOG ATTOONKEVTIKOG

Xopog yla kéOe Seiktn eivat O(Tyax).
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3.6.2 Emloyn tev [lapapétpov

Hui08¢tnon didpopuv mapapétpwy 0To TIpoTelVOUEVO GV TN ennpedlel TV artdSoaor) Tov
avéhoya pe Tig TG Tov Ba emexBovv yix avtég. H tiun Tou threshold (¢4r) naiCet onpavti-
KO pOLo ooV apopd Tov aplBud twv reindexing Aettovpyldv mov Ba ekteheaTolV. Adevadg, N
emoyr piag vynAnig TG wg threshold éxet oav amotéheopa Aiydtepeg reindexing Aettovpyieg
KAl CUVETMOG avEavetal 1 xprion Twv soft-state Sewtwv. H mepintwon avth evvoei Kupiwg $pop-
TIX EPOTNHATWV TTOV GTOXEVOLV TIEPLOGOTEPO T LYNAOTEPX ETTITTED, EV® O aplOdG Twv Stakpl-
TOV TIHOV oTo eTieda aUTA elvoal TIEPLOPLOPEVOG. ZUUTTEPACUATIKA, 1) TILOAVOTNTA Yo TTOMATTAG
EPWTHHATA TTOV apopovV Tig (dleg TIHES eivarl peyalUTepn. APeTépouv, N emAoyn piog xapnAote-
PNG TLUNG YIX TNV TTAPAUETPO thr eTipépel oLXVOTEPEG reindexing Aettovpyieg mov ametkovifovv
TIG AAAYEG OTIC TAOELS TOV EPWTNHATOV. OpwG, TO HELOVEKTNHA TNG OUXVIG eKTEAEOTG roll-up
kat drill-down Aettovpytaov eivat n ad€nomn NG KATavdA®onG ToL EDPOVG {WVNG Yl TN HETOKI-
V0T TV EUITAEKOHEVOY TIAELES WV Kat 1 Staypadr Towv LITKpPXOVTwV soft-state detktmv. ITapoia
auTQ, ol Aettoupyieg auTég eivat Wlaitepa ATTOTENEOHATIKEG OTAV elvat SNUOPLAEIG OL TIHEG TV
XopnAoTepwv emimédwv. Avtd ovpPaivel, yiati n cUUPON TwV SEIKTOV TNV eMIAVOT TRV Epw-
HATV dev eival emapkng. Emopévng, n emAoyn xapnAotepwv TIH®OV yia TNV TAP&HETPO thr
evdeikvuTal yla popTio epWTHHETWY TTOL GTOXEVOLV T XAUNAGTEPA eMMiTTEdA TWV LEPAPXLOV Kat

epWTOLY HeYANO aplOpd SlopopeTIK®V TIH®V.

O soft-state deikteg ovvelodpépovv otn PeAtiwon G amodoong Tov cvoTHpaToG. Opwg N
dlatrpnon g oLVOXHG TV SEIKTMV UITOPEL VA eival TTOADTTAOKN Kot Samavnpr) o€ €va 6O TNHA
TIOL TIPOCUPUALETaL AVEAOYX HE TIG TIPOTIHNOELG TwV XpNoT®V. ot avtd 10 AdYO, N T pApETPOG
TTL xpnowpomoteitat: Ot Seikteg oL Sev €xovv xpnotpomoinBei yio pia xpovikn mepiodo peya-
Motepn ard to TTL Bewpovvtat 61t Sev eivar xprjotpot Kat Staypdpovtat. O TepLoplopds auvtdg
e€aopalilet 61t ot cdayég oto cvoTnpa (TT.X. ol alayég Twv dedopévmv, ot adifelg/avaxwpr-
O€1G TV KOHPwV, KATL.) 8e Ba éXxouv w¢ amotéeopa TNy OIapEn pn éykupwv SelKTwV, ot ooiot Ba
ennpedlovv TNy opBOTNTA TV pnXaviopwv avalntnong. Emiong, o apBuog tov deiktaov pmopet
va puBpilotel oV pe TIg SUVATOTNTEG TOL CLOTHHATOG. AV KAl 1) IPOCPaoT) o TIEPLOcOTEP
Hvrun yivetat 6ho Kat 1o e0koAn, n dopn twv dedopévwv Sev amattei Tn Onpovpyia delKTOV
Xopic opto. Tix avtd T0 AOYO, dTav 0 AplBHOS TV SEIKTOV PTATEL TO OPLO gy, 1 ONpIOLPYiK
evog KatvoLpylov SeikTn €xel oav amotéleopa Tn darypadr) Tov akatdtepov. Edv pia detktodo-
TNHEVT TLUN XTTAUTEL TTEPLOCOTEPOUVG ATTO €varg SelKTEC, TOTE SlaypddovTat OAOL TOUG Y AGYyoug
ovvoxng. H pvBpion tou Iyey yiax 0 fedtioon tng anddoong propei va xpnotporoindei yia tnv
e€aywyr yvwong oxeTika pe T amobnkevpéva Sedopéva (1.x. mOco TTOAwpEVN eivat 1 KAOe Le-
papxia). ZUVOAKE, To ovoTNpA Teivel va dlatnpel Toug Tio xprotpovg deikteg, SnAadn avtovg

IOV avapEpovTal oTa 1o Snpodihr) dedopéva.
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H napdipetpog tov evpoug mapabipov W oxetiletal pe Tov aptOpd v mponyodpevmy o1a-
TIOTIK®V TT0L artodnkevovTal and k&Be KOUPO yiax TOV LTTOAOYIOUS TV HECwV PLOU®V TTOV aPo-
poLV Ta eloepXOpeva epwThpata. Mio peydn T yo 1o W ovvendyetat 41t 1o cVoTnHa dev
Hitopei va avTiAngOel ypriyopa Tig petafoAég oTa popTix EpWTNHATOV, EV® piot HiKpn TLUN HITO-
pel va éxel apvnTikn eninTwon Aoyw Tng un vmapéng emapkovs TANpoopiag yia va yivouv ot
reindexing Aettovpyieg 1 TG AYng AavBaopévwv anopdoewv. [or Ty ekTipnon tg TG Tov
prtopei va BewpnBei 61t W = O(1/A), Snhadn va cuoxetiotel 1o €0pog Tov apabipou pe Ta
epwTipata. Ooo 1o CUXVA Elval Ta EPWTHHATA, TOCO HIKPOTEPO HITopEl va eival To W Kal avTi-

oTpoda.

3.6.3 Zvvoxn Tov Aedopévov

Mia &AAn cuvioT@OoN TTOL TIPETIEL v ANGOEL LTTOYT EiVAL TTOLEG OTPATIYIKES TIPETIEL VX OLKO-
AovBnBovv, wote va eacdpatiotei n cuvoxn Twv dedopévmv (data consistency) katd tn StapKeta
TV SLAPOPwV AELTOLPYLAOV. Ze €va 1dlaitepa SLVANLKO TTEPLBAANOV, OTIWG LTO TTOL Bewpeital yia
TIG TTPOTEIVOHEVEG HEBOBOUG TTOV ETITPETTIOLY TNV EKTENEDT) TWV EVIHEPWOEWYV KAL TwV reindexing
Aettovpytwv pe online tpdro, mpémel va obei Wiaitepn mpoooxn yiax tnv e€aodpdion Tng ov-
voxn¢ Twv dedopévmv, €0Tw Kat ov avEAVeTal To KOOTOG ETMIKOVOVIAG Kal ouvTrhpnong. Evag
ONUAVTIKOG TTaXpayovTag avapoptka pe Ta Oéparta Tou data consistency eivat n eykvpotnTa TV
root SeIKTWV, ®OTE va eEAOPANIOTEL ) OWOTH EKTENEDT) TV evipepwoenwy. Ta root keys mpémel
va yvopilouv ouvexag Ola Ta ammoBnkevpéva pivot keys kat va emifefatwvouv tnv vmapén toug
HETE aTTO KATTOL0 XPOVIKO StaoTnpa. [l autd T0 AdY0, CLVIGTATAL ) ATTOCTOAN TIEPLOSIKOV UNVU-
HATWV aTto Ta root keys ylo va e€akplBe@oouy TNV eyKupdTNT TNG TANpOodopiag mov Siatnpovv
yta Ta pivot keys toug.

Emumhéov, eival onpavtikd va SlaopaAoTel 1) OUHHETOXT) OAWV TV OXETIKWOV JEVIPWV OTIG
roll-up kat drill-down Aettovpyieg mov Ta apopovv A& Kal va eEXoPaNLOTEL 1 ATTOTENECUATL-
KOTNTA TwV HNXaviopoVv locking katd Tnv extéleon Twv diadikaoldv yia re-indexing, ®oTe ot
avalntroelg mov Ba akolovBrjcovy va avaktolv ohokAnpwpéva amoteréopata. Katd tn Siap-
KELO TV AELTOVPYLWV aUT®YV, Hitopel va tapatnpndei pia mapodikn aotdBela Tov ovoTHATOG
KOTA TNV eMIAVOT) TV EPOTNHATWV AOY® TNG HETAKIVNONG TV Sedopévay. [o TNV avTIHeTOmIoN
auToL TOL Ppatvopévou, Ta dedopéva amodnkevovtal Tpoowpvé (cache of data) oToug apyLKovg
KOpPoug, pexpt va ohokAnpwBei n diadikaaoio Tov re-indexing. MoAig eloaxBolv OAeg ot TAeLd-
deg 010 KatvoLpylo pivot level kat To root key ohokAnpmaoel TNV eVUEPWON TV OEIKTWV TIPOG
T Katvovpyla pivot keys, Ta takid évtpa Staypdpovtat amd Toug apxtkoig KOUPoLG HeTd T
Aén tov TTL. H emiAvon tov avalnthoewny yia Ti TIpEG Tov yivovTtal re-indexed kabBuotepoiv
OTOUG KALVOUPYLOUG KOHPOUG péXPL va oAokANpwBei n cuvadayr. E¢pdoov 1o root key yvopi-

(el TI¢ Aettovpyieg oL eival LTIO exTéNeon ota Sedopéva Tov, KabioTatal emiong vevBuvo yia
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v powbnon Twv epwtnpdTwy ov dev eival exact-match eite oTovg KOUPoLG TTOL NTAV APYLKE
vrevBuvol yia ta Sedopéva eite o€ auTOVG TIOL €yLvary vteBLVOL HeTd To re-indexing. Emiong Sev
emtpémetal n Snpovpyia Twv soft-state SelkTOV ylor omoladnmote T oL aviiKel ota SévTpa

mtov yivovtal re-indexed, péxpt avtd va ohokAnpwOei.

Télog, Sivetat 8iaitepn mpoooxr Katd T Snpovpyia Twv soft-state SelKT®V yla va aropev-
xBo0v un éykupot deikteg. Exk1og amd tn xprion tov TTL, dtav napatnpeital k&rmoto mpoPAnua

KAT& T1) Onpovpyio evdg OeikTn, TOTE ALTOG Sty padeTat.

3.7 Tepapatikn A§lodoynon

3.7.1 Ileprypadn tng E§opoinong

21N ovvéyela opovotdleTal pia OAOKANpwHEVN alONGYNOT) TOU CUOTHHATOG TTOL TTPOKD-
TITEL 0T TNV EPAPHOYT TV TIPOTEVOHEVWV TEXVIK®V. H ammddoon tov cvotipatog Paciletal oe
piot onpavTikd Tporonolnpévn ékdoom Tov e€opolwTr yia Tormohoyieg Tng DHT emk&Avyng mou
napéxetal ano 1o FreePastry [Fre], av kat ormowadnmote vhomoinon evég DHT mpwtokdAhov Ba
Htopovoe va xpnotponoinBei. To péyeBog Tov SikTOOUL TTOL €XeEL TTIPOETIAEYEL KATA TNV EKTEAED
TV TEPAPAT®V €ival 256 KOHPOL, oL oTToloL EMIAEYOVTAL TUXAI YIX V& €L0GYOLY TIAELASES KAl var

Bétovv epwtnparTa.

210 HeyaAOTEPO HEPOG TWV TEPAUAT®WV XpnolpomolovvTat “‘ouvBeTikd” dedopéva TTou Ta-
payovTal pe T xpnomn yevvntplag. Ta eloayopeva dedopéva oxnuatifovv 8évtpa, dmov n kdbe
TIpr €xeL To TOAL éva yovéa. KaBe Siaxpirn) Tipn oto eminedo £ €xel éva otabepo aplOuod matdiov
o1o {i1+1. Emiong éxet mpoemilexOei 1o cvvolo Twv Sedopévwy va amoteleital amd 100k mAeld-
deg, oL omoieg Hopovy va opyavwBolv o€ tepapxieg Tov amotelovvTal and Técoepa emineda
(see Figure B.7) pe éva apBuntiko fact (m.x. cPU_time). O aplOudg Twv Slakpltov TIH®V oe Kabe
eninedo eivat [€p = 100], €1 = 1000|, |€2 = 10000| xat [€3 = 100000|. To apxiko emninedo mov
éxel emhexOel eival 1o €1, EKTOG Kat av dSnAwveTal 1) eTAOYT €VOG SLaPopeTIKOD emimédov.

Ooov adpopd Ta GpopTic EpWTNHETWY TTOL XPNOLHOTIOLOVVTOL OTO TIELPAUATA arkoAovBeiTort piat
nipocéyyton dVo oTadinv: apxika emAéyetal To eninedo mov B 6TOXEVOEL TO EPAOTNUA CUHPWVA
He TNV Katavopr tov levelDist, eve otn ouvéxela poodiopiletal n tipr mov Ba epwtnOei and
10 emleypévo enimedo Pdoel TNG Katavopng Tov valueDist. Xto melp&pata Tov akolovBoov,
Xpnotporoteitat n katavour Zipfian (p; ~ 1/i%) yia 1o levelDist, evé n moAwon o K&be emineSo

ekppaletat pe TG Katavopég uniform, 80/20, 90/10 and 99/1 yi 10 valueDist.

uer , ’ ’
%, og OLVOALKO Xpdvo efopoiwang 50k

time units. Ta amoteAéopata TOL TAPOLGLELOVTAL APOPOVY EPWTHHATA Hiag SIAGTACNG IOV TTe-

Ta epotpata Bétovtal pe éva péco pudpod 1

plypadetal amo pia tepapyia pe molamha enineda. H mpoemileypévn Tipn y to thr eivat to
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0.3, ov eival pio IKAVOTIONTIKY TIUA YLt TNV GITOGLYT) CLXV@V KAL [N ATTOPAITNTOV TTPOoTIA-
Bewwv yia re-indexing. H e€opoinon tng ovprepipopds Tov GUOTAHATOS Vi SIHPOPETIKEG TIHEG
TOL thr TIOL elval KOVIQ GTNV TIPOETIAEYHEVT TIUN TILPOLCLALEL HIKPEG TIOLOTIKEG Stadopés. H
TIpOoeTAEYHEVT TUn Yix To W, To omoio oxetiletal pe To 100 ypriyopa TO GCLOTNHA UITOPEL Va
TIPOCOPUOOTEL 0TIG aMNaYEG, elvat ioo pe 1000 time units. TéNog, n Tipr yoo to TTL eivor ToAD
Hey&An (ovotaoTtikd ot deikteg Oev Afjyouv).

e auTn TNV eVOTNTA, vag Pactkdg oTdXoG eivat 1 emidel€n Tng amddoong Kat TG TPOCAPHO-
OTIKOTNTAG TOV TTPOTELVOHEVOL GUOTHHATOG LTI Stddpopeg auvOnkes. O otdyog eivat va amtodel-
x0eil 611 To oboTHA eival WaxiTepa amoTeAeTpATIKO Yia Stapopa GUVOIA SedopEVRV Kal GpopTia
EPWTNHATWY KAl OTL UITOPEL VO TIPOCAPUOCTEL Ypriyopa o€ Eadvikég oAay€g TG TOAwaonG (skew)
XWPIG Vo amtatTe(Tar 1) OLVEXNG TPOTIOTIOINOT) TWV TIPOETIAEYHEVWYV TIHOV TV SI&POopwV TTapa-
Hétpwv. Edikotepa, 10 mM0000TO TV epTHATWV TTOU ermAbovtal Xwpig flooding opiletal wg

precision Kot eival qauTd TTOL HETPATAL KUPIWG.

3.7.2 Amnédoon yia I[TIoAwon pog Artaxpopetika Emineda

2V mp@TN opHada MEPAPATWV avay VwpileTal | CUUTTEPLPOPE TOL TIPOTELVOUEVOL GUCTHHO-
106 yta didpopa poptia epwtnuaTev. Edikdtepa, o aplBudg tov epwtnpdtey mov anevbivovral
oe kaBe emninedo diadoporoteital e TNV abEnon tng mapapéTpov O TNG KATAVOUNG TTOU AKOAOUL-
Oei o levelDist. [la k&Oe T ToL O, ot TIpEG péoa o€ KaDe eminedo emAEyovTaL [e TN XPr)OT) TV

TECOAPWV SLAPOPETIKOV KATAVOU®OV TIOL €XOLV OpLoTel yia T0 valueDist.

100

EHH 99/1
90/10

Precision (%)

Uniform 1.0 20 3.0
theta

Exfua 3.9: Aroredéopara yia To precision yia Sidpopa GpopTio EPWTHUATWY TTOV VAL TOAWUEVE TIPOG TO
4o

210 Zxnua B.9 mapovoialovial Ta aItoTENECHATA OXETIKK e TO precision mov Kataypadn-

KE Ylot pOPTIA EPWTNHATWY TTOV (VAL TTOAWHEVA TIPOG TAL TO YEVIKOTEPO ETTIESO TWV LEPAPXLOV
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(dnAadn mpog 1o £p). Oco avdvel n T ¢ apapétpov O yia o levelDist, n anddoon tng
nipotelvopevng pebodov Pertiwverat: Ot re-indexing Siadikaoieg ektelovvTAL YpnyopoOTEP KAL
avlavetal Kat o aplBpog twv exact match epotnpdTev Adyw Tov emleypévou enumédov. Me Tnv
avénon g MO wong yix to valueDist, mapatnpeital diaitepa LYNAO precision emneldr) To TOCO-
0TO TV SNUOPIAGDV EPOTNHATOV KAL 1 TTUKVOTNTA TV EPWTNUATWYV YIX GUYKEKPLUEVEG TIAELASEG
avéavovtat. ' Evag dMog mapayovtag mou mailet peydho polo eival o Tieploplopévog apliudg
TV SlaPopeTIKOV TIHOV 0T0 £o. TIpodpavag o aplipds avTev TwV TGV eival apKeTd HKPOg
0g OUYKPLOT HE OUTOV TWV XAUNAOTEPWV EMUTESWV KAl EMITPETEL TNV avENON TNG XPHoNG TV
soft-state delkTdV, KaBWG Kot TN ypnyopdtepn ekTéeon Twv re-indexing Aettovpytwv, dTav avTo
xpedCetal. [a pia opdda Tip@v tov O, n mpotewvdpevn puébodog yia re-indexing cvpmepipépe-
TaL amoTeAeopaTIKOTEPA KABWG 1 Katarvopn yiveTtal o moAwpévn, dedopévou oTL TeplocdTepa
ePOTAHATA apopoLV AydTepeg Slakpitég Tipeég. TéNog, mapatnpeitat OTL yla HEYAADTEPEG TIHEG

ToL O eivat pkpoTepn 1 Slapopd 6o precision yio SlpopeTIkéG KATAVOEG TOL valueDist.

(o)
(=)

Precision (%)
S

Uniform 1.0 2.0 30
theta

Ixnpa 3.10: Amoredéopata yia To precision yia Sidpopa GpopTia EPOTHUATWV TTOV VAL TOAWUEVA TIPOG TO
ls

To Zxrjpa B.I0 mapovoialet Ta amoteAéopata yior GpopTia epWTNUAT®WY TTOL KATELBUVOVTAL
TIpog T XapnAdtepa eminmeda tn¢ tepapxiog. Kat oe autrv Vv mepintwon mapatnpeital pio ma-
popola TAOT OTNV TOTEAECUATIKOTNTA TOU CLOTHHATOG G000 aLEAVETAL 1) TOAWOT OTNV KATA-
voun Tov valueDist kot 1 ipotevopevn péBodog éxel oav amotéleopa vYnAd precision, av Kat
KATIOG HELWHEVO 08 OUYKPLOT) He auTO TIOL eTITEVXONKE OTNV TIPONYOUHEVT OHAdA TTELPAUKTMV.
Eniong, Ta anote éopata Seixvouv dti To precision yia TG {Sleg Katavopég Tov valueDist peiwve-
TaL 600 avéavetat 1o 0: Avtd cupPaivel Adyw Tov YeyovaTog 0Tl TO eminedo 3 éxel éva OnNUavTL-
K& peyohOTepo aplipd Tipwv. Me tnv av€norn tou aplipol TV EpOTNUAT®V YIX AUTEG TIG TIHEG,

avEdvetat kat 1) mbavotnta (oe oxéon PéRata pe TNV emAoyT Tov valueDist) ToV epWTNHATOV
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mrov TeptAapBdvouy pn detktodotnuéveg TG ITapoha autd, N Heiwon eivat pikpdTepn 6TV TO

valueDist yivetal L0 TTOA®HEVO.

3.7.3 MeAémn tov [Ipotevopevov Texvikov yia @optia pe IToAamAd ITodopéva
Tnpeia

21NV enopevn Katnyopia MEpapaTwy, e€etdletal n andé8oorn TOLV CLOTHUATOG O €va TILO
QITALTNTIKO TUTIO GOPTIOL EPWTNHATWY, TIOL avapépetal wg MULTI: Eve Siapopetikd emineda
Aappavouv Tov id1o aplBpd epoTNUAT®Y, €va SIAPOPETIKO PHEPOGS TV OLVOMK®V deSopévwy {n)-
Tiétal Eldikotepa, Oha o emineda xwpilovtal oe TETApTA Kol TX ePOTHHATA KATEVODVOVTAL TTPOG
éva SladopeTiko emnimedo yia kabe Tétapto (pe T xprion SlapopeTiK®V TIHOV Tov valueDist), e
TETOLO TPOTIO WOTE KAVEVA TETAPTO VA LN OXETILETAL [e KATTOLO AANO GTO GUVONO TwV OedOUEVQV.
AvTto 10 PopTiO EPOTNHATWY EVAL AVTIITPOOWITEVTIKO YIA TNV ATTOTEAECHATIKOTNTO TTOL €TTLSEL-
KvOouv ol ipotetvopeveg pébodot, adov ot Aettovpyieg re-indexing mpémel va mpooapudcsovy
Sapopetikd Sedopéva oe Siapopetika emineda Aentopépetag. O IMivaxag B.J cuvoyilel Ta armo-
TENEOUATA VIO TO OUYKEKPLHEVO Trelipapla, OTTOV eKTOG atd To precision, Kataypddpovtal Kal T0
KOGTOG IOV OXeTileTal pe TOV aptOpd Twv MAetddwv mov €yvav re-indexed Omwg Kot 0 aptOpoS

TV OLVOMK®V Aettovpylov roll-up kat drill-down.

Mivakag 3.1: Xoyxpioy 156 anmédoons Tov CUOTHUATOS yia T popTia epwThudTwv MULTI kat yia Siago-
PETLKES Tipég Tov valueDist

valueDist || precision|#roll-ups|#rolled-up | #drill-downs|re-inserts
(%) trees (%)
uniform 92.0 25 250 500 75
80/20 94.3 25 250 171 42
90/10 95.2 25 250 51 30
99/1 99.5 1 10 6 1.6

H texvixn mov axkolovBeitat amodeikvietatl Slaitepa AITOTEAECUATIKT KAl OTOUG TEGOEPLG
TOTIOUG POPTIOY EPOTNHATWV KAl ETTUYXAVEL TTOAD LYNA& TTOGOOTA precision (peta€d 92% Kat
100%) pe pikpod k60106 O peyallTepog aplOpog Aettovpytadv re-indexing AapBavel xwpa dtav
OL SLLPOPETIKEG TIHEG TV ETMUITESWV PWTLODVTAL OHOLOHOPPQ, OTIOV TO 75% TwV TTAEIAd WV eloYE-
Tat Eavd oy emkdALYN peTd amd TIG avTioTolxeg Aettovpyieg re-indexing. Kabwg 1o valueDist
yivetal 1o ToAwpéVo, o aplipdg Twv Aettovpylwv re-indexing petdvetat. Avto amodelkvoel e
oadnvela o0t 1 potevopevn péBodog mpooappdlel Tov aplBpd Twv Aettovpylov re-indexing

avéhoya pe Tig avaykes: O apldpds tov §évipwv mouv enavadeiktodoTovvIal eival avéAoyog
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1oL aplBpoD TwV povadikav dEVTpwV Tov elvat SnUOPIAR. AvTr N 10toTNTaA eivat Wlaitepa onpa-
VTIKT), 0K av AndOei vtdyn 1L 0TV MAEOYNPIX TWV EPAPUOYDOV AVAUEVOVTAL SUVOULKA KAL

Wlaitepa ToAwpéva poptia.

3.7.4 Amnédoon oe Avvapka ITepipaArovra

H mpooappooTikoTnTa KAt ) aitdd0o0n TOL GUOTHUATOG TIOL XPNOLUOTIOLEL TIG TIPOTELVOHEVEG
TeXVIKEG oe SuvapKa TeptBarlovta eetaletal oty endpevn opada melpapatwy. H katavo-
pr) Tov akoAovBovv Ta PpopTia TWV EPOTNUATWY XapakTnpileTat armd pio Eapvikr) aAhayr) oTnV
o won and 1o eninedo €y oto eminedo €3 Kal avTioTpoda adov éxovv Tebel Ta oG amd Ta

EPWTAHATA TTOL EEOHOLOVOVTAL.

100 —— —— — 100 —— ‘ ‘ ‘ ——
AT NS — exact (theta=2.0)
3 Yoy YA 2 ALl AL 3 -+ indexed (theta=2.0) |
IR A end o ndered theta=2
80 s w,‘,,m,‘f” kel [ o — 80— — - indexed (theta=1.0) |
A ';'\/'\’,‘v““ ’ J
L v J L ]
—_ - b1 <
s i T ] S Ww ]
€ 60 = 60
2 r 1 %0 r. M, 3 I”“ " " U
RZ) f = R RS T s e ML Vimat
51 3 ! v (IR vl i ol ¥
S 40+ I - 2 401 P, Moo : st -
~ | 5} Attt ! '
L I} — 90/10 (theta=2.0) ] A~ i b ]
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Yxfua 3.11: To precision katd 1 Sidpkea Tov  Zxqua 3.12: To precision (Ywpiouévo oe exact

Xpovou, otav 5 médwon aAldler karedOuvay  match kau indexed epwtruata) katd Ty Sidp-

a6 1o £y oo L3 KeL Tov Ypovov yia valueDist 90/10, 6tav y 1w0-
Awoy aAddlet karedBuvan amd to £y oo L3

To Zxnpa B.IT mapovoialet T cUUIEPLPOPE TOL CUOTAUATOG HTAV TO POPTIO TWV EPWTNHUA-
TV cAalet katevBuvon, SNAadr) eved apXIK& OTOXEVE Tal YEVIKOTEPX ETTTTES N, 0TI GUVEXELX OXp-
xiCet va otoxevel Ta xapnAdtepa emineda. Ta amote éopata Oeixvouy dTL yla OAa T popTia TOV
e€opolnOnkav, To cvoTNUa avfdvel To precision Tou Adyw TOoL GLUVSLACHOL TwV soft-state del-
KTOV Kal Twv re-indexing AelToupylayv, evod n TAELOYN G0 TwV EPWTNHATOV AITAVTIETAL WG exact
match epotrpata. To precision ¢pravet mévw arté 90% yio 6 = 2.0 kat méve and 80% yia 6 = 1.0
niptv Ty aAayn} TnG médiwong. Katd 1 Sidpketa tng petaPatikng ¢pdong, to flooding twv epw-
TNHATOV aLEAVEL, AN TO CUOTNUA KATAPGEPVEL YPIYOPQ VA arVAKAUYEL KOl VO AVAKTHOEL TNV
Tiponyolpevn artodoon Tov (Hovo HeTd artd To 5% Twv epwtnudtwy). H andtoun peiwon tov
precision mapatnpeitatl akpPog KAT& TNV aAAayn OTIG TAOELG TWV EPOTNUATWV: XT0 entinedo €3
UTTAPYXEL €VOG HeYaAUTEPOG aplOpOg SIAKPIT®V TIH®V Kat Yot auTO To AOY0 1) vTTapEn Xprotpwy
deiktav eivat Aryotepo mibavr). H cuvelopopd Twv soft-state Seiktarv Sev aprei wote va ammodev-

x0¢i to flooding péxpt va apxicovv va ektedovvtat ot Aettovpyieg drill-down. Ze avtd 10 0TdS!10,
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600 peyalvtepn eival n Ti Tov 0, 1600 peyahOTepN eivat 1) HeiwoT) Tov precision, aAA& yivetal
ypnyopotepa n avaxauyrn: Onwg ¢aivetal oto Zxnpa yio o poptiat pe valueDist 90/10,
1600 Ta exact match 6co kat ta indexed epotrpata eivatl Aiyotepa yia 0 = 2.0. Avtd ovpPaivel,
ylaTi To pOTARATA elvat IO TIOAWHEVA TIPOG T eminedo €3 Kal emwpelodvTaL AiyoTepo amd ta
Sévtpa mov éxouv kavet dn roll-up. Qotd00, 660 AvEdvel To O, ot anodaocelg ya drill-down
Aappavovral ypnyopdtepa Kot evvoolv TNy avénon twv exact match epotnuatwy, mov anote-

AoOv TNV Aoy diot.

100 100 — ‘ — —
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Exfpa 3.13: To precision katd ty Sudpkeia tov  ZxAua 3.14: To precision (ywpiouévo oe exact

Xpévou, drav 5 moAwoy alddler karebOvvey  match ko indexed epothipara) kard v Sidp-

amé 7o €3 oo €y Kewx 70U Ypovou ya valueDist 90/10, érav n 176-
Awoy aAddler katedBuvany amd to €3 aro £y

To precision peAeTdTal KAl GTNV TEPIMTWON TNG ATTOTOUNG AANXYHG TNG KaTeLOVVONG TOU
GopTiov epWTNHATOV aTtd To €3 0T0 ) Yl Sidpopa GopTiot EPWTNHATWV Kot oTelKOVileTal 0TO
Exnua B.I3 Kata ) ddpkela tov otabepwv ¢pdoewv NG e€opoinwong TapatnpolvTal Topo-
HOLEG TAOELG He TIG aVTIOTOLKEG TTOL TTapaTnprOnKay oTor TOAWHEVA POPTIA EPOTNUATWY TIPOG
pia katevBuvon kat To ocvoTnpa Statnpei To precision LYNAS (Tdvw aTtd 80%) yior OAa T Pop-
Tia. Kabmg 10 valueDist yiverar dAo Kal L0 TTOA®HEVO, KaTayp&povTal LYNAOTEPA precision,
adov o aptOpog Twv SNUOPINGV TIHGOV oLPPIKV@VETAL Kat oL Aettovpyieg drill-down ektehovvTtal
YpNyopoTepa GLUPBAANOVTAG OTNV TTIPOCAPHOOTIKOTNTA TOU CUOTHHATOG. MeTd TV aAAayr} 0TV
katevBvvong g ToAwong, Ta flooded epwtpata eivat AydTtepa yia 1o popTict EPOTNUATWV [LE
0 = 2.0 (mapatnpeitar avtiBetn CUUTEPLPOPE GE OXEDT e AUTT) TOL TTPONYOUUEVOU TIELPALA-
106). To Zxnua B.14 mapovoialet piot avaluTIKOTEPN EKOVA TOU TPOTIOU ETMIAVONG TWV EPWTN-
HATwWV peTd TN Eadvikn alhayn otny KatevBuvon Tng méAwong. Adyw Touv pikpoTEPOL aplBpol
TV SLKPLTOV TIH®V oTar LYNAGTepa emineda, n xprion twv deiktov eivat amodotikr. Ta roll-
up 1ov Stadpapatifovral KATAGTPEPOLY TOVG LTTAPXOVTEG SeiKTEG KAl ALTO TN Pedlel apvNTIKA
v ar6doon Tov oLOTAUATOG TIaPodiKd. MOAIG OpwG oAoKANPwOHOLY, TO CVOTHHA EMAVAKTH

TNV aItoSOTIKOTNTA TOV, EVE ONUELOVETAL ONUAVTIKH avEnon oTa exact match epotipaTa.
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H obykplon tov amoteAeopdTwy HeTald Twv 600 OHddwV TEPAUETOV ATTOKAADTITEL OTL Ol
soft-state deikteg pmopovv va Slatnpricovy 1o LYNAS precision TOL GLOTAHATOG OTAV 1) TOAWOT
katevBOveTal TPog Ta LYNAOTEpa emineda, Tar ool StakpivovTal amd pkpoTePo aplBpod dia-
KPLT®V TIH®V. AVTIOETWG, ) TPOCAPHOCTIKOTNTA TOL CUOTHHATOG eEXAPTATAL ONUAVTIKE AT TIG
Aettovpyieg re-indexing, dtav eivat 1o dnpoPiAn Ta xapnAotepa eminmeda Twv tepapylwv. [apo-
A auTd, To CUOTNHA XPELATETAL TIEPLOPLOHEVO XPOVO YL VA OpYAVOOEL TN SeIKTOSOTNOT) TOU KAl

yiver dlaitepa amoteleopatikd kat oTig dVO MEPIMTWOEL.

3.7.5 Amaitnoeig yiax AmoOnkevtiko Xowpo o¢ Zuvaptnon tov Aplpot teov Kop-
Bov

Ot metddeg mov elodyovtal 0To cUOTNHA artodnkevovTtat oe Sevdpikég dopég e To idlo pivot
key yia v ammoguyn g anoBrkevong mieovalovoag mAnpopopiog yla Tig TLHEG TTOU BpioKovTal
névw amnd To pivot level. QoT1d00, ot TIpéG aUTEG pTopel var PpiokovTal o€ TieplocdTepa SéVTpa
TI0VL efval artoBnkevpéva o€ SlapopeTkovg KOUPOVG TNG ETNKAALYNG AVAAOYX [E TO ETTIAEYHEVO
pivot level. O cuvoAikog aptBpds Twv KOPPwY Twv SévTpwv (tree nodes) AapPavel T HIKPOTEPN
TIHr Tov 6Ty TO root level emAéyetal wg pivotlevel Kot T HEYLOTN TLUT TOL OTAV TO XAUNAOTEPO
emnimedo NG tepapxiag eivat to pivotlevel ddwv Twv dévipwv (*111K kat 400K nodes avtiotoia
yta To obvolo Twv dedopévwy Tov eloayovtat). Kébe koppog tov dévipou (mov avadépetal wg
tree node) avTipooweel TNV TIHA piag TAedSag yia avto to eminedo. O oLVOAKOGS aptOpdS
TV tree nodes katd tn StapKela ToL XpoOvou e€opoiwong ametkoviletal oto Zxnpa B.I5. H avén-
on tou aplBpov Twv tree nodes vtodnAavel TNV ekTéAeon Aettovpytaov drill-down, eve 1 peiwon
TOUG OLOXETI(ETAL e TIG CUVETIELEG TV AELTOVPYLOV roll-up. Xuven®g, 0 GLVOAIKOG aplOpHOG TwV
tree nodes Katd TN SidpKelx TOL Xpovou oxetiletal pe Tn e€éMEN Twv Aettovpylav re-indexing.
To epotnpata ov katevbovvovtat Tpog o £3 dtav 1o O = 1.0 0dnyovv To CVOTNHA VA ETTOVEL-
OGyeL TIG TTAELASEG pe TILo apYo pLOHO o€ xaunAotepa emntimeda TnG tepapyiog, To omoia Teivouvy va
efvat kot Ta 1o dnpodiAr). Epocov opwg n Stapopd oto popularity petad twv emumédwv Sev el-
vat onpavTikn, ot Aettovpyieg drill-down extedovvtal kaBoAn n didpketa g e€opoinong. Zinv
TIEPIMTWOT) TOL AVTIOTOLKOL PopTioL epwTNHATOV Yia O = 3.0, av€nomn Twv tree nodes eivat o
amtdTOUN KAL ONOKANPWVETAL GE HIKPOTEPO XPOVIKO SIAGTNHX KATE Tar apXIK& oT&SIA TNG e€opoi-
wong. Ta 1o dnpodiin 8évtpa emavaelodyovy ypnyopotepa TIG TAEIASEG TOVG e XPr)on KAEL-
Sy amd xapn\otepa emimeda Kal yoo autd To Aoyo Sev apatnpovvTal Heyaheg SIAKUUAVOELG
KaTa TN Stapketa TG vtdlownng e€opoimong. Ta poptio epTHHATWY TTOL KATELOVVOVTAL TIPOG
10 {p OeV TTPOKAAOVV ONHAVTIKEG LETAPOAEG 0TO OLVOMKS aptBpod Twv tree nodes. Kat otig §vo
TIEPUTTWOELG TOV levelDist e QUTA T GOPTIA EPOTNHAT®YV, 0 aptOpdG TwV tree nodes Sixtnpeitat
KOVTQ OTNV apXIKT] TI Tov, 0edopEVOL OTL 0 CUVOAIKOG aplBpdg Twv tree nodes 6TavV XpnoLpo-

oteitat 1o €1 wg pivot level 8e Siapépet onuavTika oe cVyKplon pe Tov apldud Twv tree nodes
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Ixnua 3.15: O ovvodixds apiOuos Tov kéuPwv ota Sévipa (tree nodes) katd T SidpKeia Tov xpOvov yia
PpopTia epWTHUATWV TToAWUEVA TIpog To ly Kau 1pog To I3 (6rrov to valueDist eivar 90/10) kauw yiax MULTI
poptia epuTnudTwV (6mov To valueDist eivar opotdpuopgo xaw 90/10)

otav xpnotporoteital To £y wg pivot level. Téhog, 6cov apopd toe MULTI $popTia epwTNHATWY,
ot Aettovpyieg roll-up kat drill-down cvvunapyovv. Otav o aplbpdc Twv epwTNHATOY 0TOXEVEL
OHOLOHOPPA TIG TIHEG TOL KA&BE emutédou, n enavaelcaywyn Twv MAelddwv cuvexiletal yia éva
HEYOADTEPO XPOVIKO Sl&oTnHa Kot ot TAelddeg auTéG eival TIeplocdTEPEG O OVYKPLOT) HE AVTEG
ytoe T0 popTtio epotnpdTeV pe valueDist 90/10. To popularity twv emumédwv alalet yio Stado-
peTikég opddeg Sévipwv ota poptia SeSopévwv MULTI Kot eMOHEVWG 1) EL0AYWYT) TV TIAELGS WV
0TO KATOAANAOTEPO eTtinedo ekTee(Tal TALTOXPOVA Yl Ta dtdpopa SévTpa 6 CUYKPLOT) HE T

GopTia EPWTNUATOV IOV gival ToOAwpéva TTpog To €3 yia 0 = 1.0.

O ouvoAKkoG aplBpdg Twv soft-state SelKT@V TTOL LTIAPXOLY OTO CVOTNUA epdavileTal oTO
Zxnua B.I6. H Snpovpyia tov soft-state Seiktayv emnpedletal and v e€EAMEN Twv Aettovpytwv
re-indexing. X0p¢wva pe TNV TEPLYPAPOUEVT OTPATNYIKY, £vag soft-state deiktng Snplovpyei-
Tat peta 1o flooding evog epTARATOG WG pict CUUITANPWHATIKY ADOT) 0TI TTPOCKPHOYT) TOL pivot
level. H amotopn khion otig Kapmmbdeg twv poptinv mov katevBivovtal pog to eminedo 3 Si-
Kaoloyeitot AapBévovTag LITOYN TO YEYOVOG OTL O aplOdG TwV SIAPOPETIKMOV TIL®V OTOL XN -
Motepa emineda eival peyaltepog oe oXéom He TOV avTioTolxo aptOpod ota vPnAoTepa emimeda.
H amodotikétnTa Twv Aettovpytwyv re-indexing yivetal meplocdtepo mpoPaviig oTny MePIMT®won
Tou poptiov MULTI mov akolovBei OLOOUOPPN KATAVOT YL TNV ETAOYT) TIHOV HECH OE KAOE
emninedo. Ot kawvovpylol SeikTeg SnLovPYOLVTAL TTPOCWPLVE KAl SlarypadovTal HOALG apXioovV
va ektehoUvTat ot Aettoupyieg roll-up kat drill-down, Ttov cuvelopépovy otV pocappoyn Tov

OULOTNHATOG OTIG TAOELG TWV ELOEPXOUEVROV EPOTNHATOV.
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Exfpa 3.16: O ovvolikés apiOuos Twv soft-state SetkTwv Katd TH SdpKeLa TOV XPOVoU yia $popTia EpWTH-
pdtov modwuéva mpog 1o £y kar 1o €5 pe valueDist 90/10 kat gpoptia epwrhpdrwv MULTI pe valueDist
1ov akolovOei Ty opotduopen kar T 90/10 katavouy

Ta StapopeTikd avTikeipeva mov amodnkebovtal 0Touvg KOUPOUG TNG EMKAALYNG UITOPOLY
va XwpLloTouv oTIG akoAovBeg katnyopieg: evdpiég dopég ov amobnkedouy TIG TIHEG TWV Le-
papxlwy, root deikteg TOL SNHIOLPYOHVTAL KATA TNV lCaYwYT £VOG Kavoupylov root value kat
yvopilouvv Ta pivot keys 1, soft-state deikteg Kot OTATIOTIKT) TTANpOPOpia TTOL AT PEITAL VIO TN
AMYn Tev anopacewv yia re-indexing. Ta melpapatikd amotedéopata oL armetkovifovtat ota
Exnuarta B.I7-B.19 avagpépovtat oto péco aptdud twv dedopévwv avtav avd kdupo 1} ota avTi-
Keipeva mov kabopiovv Tov 6yko Toug. Ot TIHEG AUTEG eival Ol HETEG TIHEG KaTd TN SidpKela TG
OULVOAIKTG e€0HOIMONG KAl LTTOAOY{OTNKAY ATTO TIG TIHEG TTOL HETPHONKAV KATE TAKTA XPOVIKA
StaotpaTa. ZUVEN®E, OL TIHEG TIOL KATAYPAPNKAV AVTATTOKPIVOVTAL KAL 0TI SLAPpopeS AMNYEG
mtov TpokARBnKav amnd ti¢ Aettovpyieg roll-up kat drill-down. To poptio MULTI pe opoldpopdn
KATavopn Kot To TToAwpévo ¢popTio mpog 1o £3 pe O = 1.0 éxouvv To péyloto aplBuo tree nodes, ye-
yovég ov eivat cUpPWVO pe Ta artotedéopata Tov Zxnpatog B.15, 6mou ot Kapmdieg autodv TV
popTiwv apovatdlovy Kat Tig LYnAdTepeg TiHEG. TTpémel va onpelwdei OTL oL TIHESG TTOL TTAXPOL-
otalovtatylo to poptio MULTI giva Ko oL LeyXADTEPEG TLHEG TTOL UITOPOVV VO KATAY papoUV Yot
TO OUYKEKPLEVO TUTIO pOPTIOU, apoV HEAETATAL N TTEPITTTWON OTIOL TO valueDist ival opolOpop-
¢o. Emopévwg, Oha Ta $€VTpat TOL CLVOAOL TWV OEGOUEVHV ETTAVEICEYOUV TIG TTAELXSEG TOVG OTO
KataAAnho emninedo. E&v n katavoun tov epotnuateny aldet oe 90/10, T6Te 0 pécog apliudg
TV tree nodes pelovetal onpavtikd. O péoog aplpog Twv tree nodes ylo 1o popTio EPWTNHATOY
IOV givat ToAwpEVo TTpog To €y apapével Xapnhog. O péoog aptipog twv pivot keys (onwg ¢pai-
vetat 1o Zxnpa B.18§) mapovoialet pia avédoyn cvpmeptpopd He auTrv TOL TapaTnpnOnKe y
Ta tree nodes yia OAa T poptia Sedopévwv. O aplBudg Twv pivot keys cuoyetiletal pe Tov 0yko

NG OTATIOTIKNG TTANpodopiag mov Sixtnpeitat Kat pe Tov aptdpd v root detktmv. [a kabe pivot
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Yxnua 3.17: Méoog aptBuds twv tree nodes yia kdOe kéufo

key, Statnpeital pia mietada pe L enimeda yoo Ty amobnkevon NG oTATIOTIKNG TTANpodopiag.
Emuméov, eqv o péoog pubpog Twv eloEPXOHEVWY EPOTNUAT®WY LTTOAOYileTatl pe TN péBodo Tou
sliding window pe 7 slots, o aplBudg Twv avriotorxwv mAelGdwv TPEMeL vor TOAATTAACIAOTEL e
auTov Tov apdyovta. Emiong, o aptBpdg twv vmapxoviwy pivot keys eivat kat avtdg icog pe tov
aplBpo Twv root indices kat avTtod Sikatoloyeital av AngOei vIdYn STt évag EexwploTdg SeikTng

datnpeitat yio kaBe pivot key.
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2xnua 3.18: Méoog apiBuds twv pivot keys yia kdOe koufo

H aflohdynon tou péoov aplBpot tov Seiktwv ametkovifetat oto Zxfipa B.I9 kat emiPefaiw-
VELTO YEYOVOG OTL OO0 TILO AITOTEAECUATIKEG eivat ot Aettovpyieg re-indexing, Toco Atydtepot Sei-

KT1eG Snpovpyovvrtat. To poptio epwtnudtev MULTI amaitel Toug Aiyotepoug deikTeg, YTl Ta
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Sévtpa mpocappolovv ta pivot levels Toug katdAAnAa. O pécog aptBpodg Twv soft-state Seiktwv
elvat LeyaA0TePOC Yl pOpTiX EPOTNUAT®V TTOL gival TTOAHEVA TTPOG TO {3 Kal auTd odeileTal o€
Sikpopoug mapdyovtes. TToAG Sévtpa extelovv Aettovpyieg drill-down oe xapn\dtepa emimne-
da NG Lepapxiag Kat ot TAeddeG eival TePLOTOTEPO SIAOTIAPTEG GTOVG KOUPOULG TNG ETTIKAALYNG,
dpo pio OetkTodoTnEVN TIU XpnolpomoLel TeploooTepoug Seikteg. EmumAéov, o aplBpdg twv Sia-
POPETIKAV TIHOV elval HEYAAUTEPOG KAl TO YEYOVOG aUTO avEdvel Tnv mBavoTnTa va epwtnBel
pia pn Sewctodotnpévn Tiun mov Ba éxel wg emakoiovbo T Snpovpyia evog véou deiktn. Ta

avTifeTa oupTEPAOHATA LOXDOLVY Ylot TX GOPTiot EPOTNUATWV IOV KatevBvuvovTatl Tpog To &o.
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Ixnua 3.19: Méoog apibuds twv soft-state SetkTav avd KéufSo

To precision Tov ovoTpaTOG eival oTabepod pe pia péon Stakvpovon yopw oto 1% aveldp-
Mt and Tov aplipod Twv KopPwv mov cuppetéxovy otn DHT emwkdAvyn. Emumhéov, o aptBpodg
TV KOUPwV dev emnpedlel ToO CLVOALKO aplOp6 TwV pivot keys kat Twv tree nodes, dedopévou oTL
OL TIHEG U TEG e€PTWVTAL KUPIWG ATIO TNV KATAVOT TOL GpoPTiov epwTNHATOV. Ouwg, 0 aplBudg
TV soft-state delkTwv emnpedleTal amd Tov aplipd Twv KOUPwV TOL CLOTHHATOG: OGO AlydTe-
pot eivat ot kopPol, 1éoo av€dvetal n mBavoTNTA 0 18106 KOUPOG va artoBnkevel eplocdTepa
artd €va GEVTPA TTOL TTEPLEXOLY TNV TIUN TTOL SelkTodoTE(TaIL Kot Yl auTO To AdYo dnpiovpyeital
Hovo évag deiktng. H katavoun tov avadepdpevwv avTIKEUEVOY 0TOVG KOUBOUG eival KaAUTE-
pn dtav 0 aptBpds Twv KOUPWV avavel. ZOUPwva He TX TTEPAUATIKA AUTA ATTOTEAECHATA, OTOV
TIEPLOOATEPOL KOUPOL CUHUETEXOUV OTNV ETUKAALYT), TOTE K&Be KOHPOG eival umevBuvog yia éva

HIKpOTEPO HETO aplBd Twv LT culrTnoT dedopévav.
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3.7.6 Melétn 6 Enidpaong tng [Mapapérpov I,

H 1l g mapap€tpou L,y pitopei va puBpiotei oe kabe kOpPo kat opilet To péytoto apldud
Twv soft-state Setktwv oL ptopei va amoBnkevoet évag kopPog. H Snpovpyia evog kawvobpylov
deiktn odnyei o1n Stxypadr Tov mahatdtepou (SnAadny Tov deiktn mov Sev éxel xpnotpomon el
Ylor TO HEYOADTEPO XPOVIKO SIACTNHA), EAV O aplOHOS TwV SeIKTOV LTTEPPEL TO [ygy. O 0TOXOG
TNG CUYKEKPLUEVNG OTPATNYIKAG eival o e€NG: edv ot SeikTeg TTov TipdKeLTat va Starypadovv eival
XPMOLHOL, TOTE 0 XpOVOG Toug Ba eixe avavewbei. Xvvenwg n Staypadr Toug dev Ba éxel apvnTikn

enidpaon otnv ano6doorn Tov CLOTHUATOG.

100 ——————————————————————————

80

70~

precision(%)
3 b
1
|
1l
g
i
i
HN
S
4l
-1
&
L

eo-e theta=1.0 (towards 13)
#-% theta=2.0 (towards 1,) g
= m theta=3.0 (towards 13)

60 =
o theta=1.0 (towards 1))
»~ MULTI
5oL+ I T S I T S SO S EN S S SO S S Y
0 500 1000 1500 2000
I_max

Yxiua 3.20: 7o precision ywx Sidpopa UNI poptia epotnpdrov

H i) Tou Lyay €xel Stapopetikn enidpaon oty anodoTiKOTTA TOL CUCTAHATOG, 1) OTTola
e€apTatat amtd Tov TOTTO TOL GopTiov epWTNHATWY. H Xprjon Twv deiktov avavel 6Tav 1o poptio
EPWTNHATWV OEV LTIAYOPEVEL GTO CUOTNHA (i CUYKEKPIHEVT KATELOLVOT) YA Vot EKTEAEGTODV OL
Aettovpyieg re-indexing, Snhadn dtav meplocdtepa amnd éva emineda eivat e€icov Snpodpirn. Oco
TILO OHOLOHOPPN ELVAL 1) KATOVOUT TIOU akOAOLBOVV Tal EPWTHHATA, TOCO TIEPLOCOTEPOL OE(KTEG
dnplovpyovvTat.

To Zxfpa B.20 Seixvel 1o precision mouv enttvyxdvetat yia Stapopeg Tipég Touv 0, 6tav n md-
Awon ToVv epeTNHATOV KaTevBiveTtal TTpog Ta emineda £y kat 3 avtioToro Kat To EpWTAHATA
oTOXeVOLV opoldpopda TIG TIHEG o€ KAbe eminmedo. To popTio oL evVOEL T LYNAOTEPL ETTITTES L
de paivetal va emnpealetat and T HeTABOAT TOU Ly, av Kal T0 valueDist TTOL XpnOLHOTIOLEL-
Tat akoAovBel OpOLOHOP PN KATAVOUT, TTOL ATTOTEAEL KOt THV TTLO OUTALTN TIKT) TIEPIMTWOT). AUTO TO
ammoTEAeTU OPeileTaL OTO YEYOVHG OTLOE AUTAV TNV TIEPITTWOT) XPNOLULOTIOLOVVTAL KUP{WE oL root

deikTeg, ot omoiol & cupuTEPAAPBAVOVTAL GTO KPLTAPLO TOU L0y EMiTAE0V, OL TOAVES TIHEG TRV
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VYnAdTEpWV EMITESWV eival AlydTepeg Kal yia avT6d To Adyo amatteital Atydtepog amobnkeuvti-
KOG Xwpog Yo TN dnplovpyia Twv soft-state Sewctwv. Z1nv avtifetn nepintwon, 6mov Ta poptia
EPWTNUATWV KaTeLBUVOVTAL TTPOG TO €3, N AOENOT) TNG TIHNAG TOV Ly pITOPEL VO EMINpPEGTEL TO
precision péxpt 10%, eldikd oto ¢poptio 6mov O = 1.0, cOHPWVA e TO OTIO{0 PWTLOVVTAL TIHES
a6 oxedov Oha ta emimeda Kat oL Aettovpyieg re-indexing Sev emapkovv va KaAvyouv ) {ATn-
on Y& TIG TIHEG OAwV TwV emédwv. To ¢popTtio epwtnuatwv MULTI amote)ei To GpopTio ekeivo
Yl T0 oTtoio ot akyopiOpot yia To re-indexing evvoovV TEPIOGATEPO TNV ATTOSOTIKOTNTOL TOL GU-
OTNHUATOG. Z€ QUTAV TNV TIEPIMTWOT), Ol AITOPACELS Yia re-indexing eivat COPPWVES pE TIG TAOELG
OTa EPWTHHATA Kat To precision e€aptatal Kupiwg amd t Sidpbwon Twv pivot levels. Zuvenag,

1 HETAPOAT) OTIG TIHES TOU Ly O€V eMnpedlel TO precision mov emTUYXAVETAL.

3.7.7 Melén 16 Enidpaong tov ApiOpot tov Emimnédwv tov Iepapxiov

O aplBpdg Twv emimédwy popei emiong va ennpedoet To precision Tov cvoTHpaTog. O Adyog
mtov ovpPaivet avtd eivar Sumhdg. H avénon tov emumédwv odnyel o€ mepiocdtepa vmoynra erti-
neda TIpog T oTroior PItopel vor ekTeAeoTel KdTtolo re-indexing kat yivetat mbavotepn n emilvon
eVOG ePWTNHATOG e Tr Xpron soft-state Sewktwv 1 pe flooding. Xe avtd To Meipapa xpnotpornol-
nonkav tepapyieg pe téooepa, £€1 Kat oxto enineda avriotora. O aplBudg Twv eloepxopevLVY
metadwv mapépeve 100k kat emhéxOnke 1o €1 wg pivot level katd TG apxIKES eloaYwYEG TwV
mAeladwv. ZroxevovTag 0T SlaTipnon evog otabepol aplBpol cuVOAKOV TTAELXO®YV, TA TIAKTN
TV 0évTpwv oe Kabe emnimedo meplopioTnkav. H katavoun Twv ¢poptiwv epoTnuaT®y, TTOL TTE-
prappavouv mepimov 50k epwtrpata, mapayetal emAéyovtag 1o O = 1.0 yio to levelDist ko
pia Tohwpévn katavoury 90/10 yio to valueDist. To ammote éopata Tov mopovotalovTtat ava-
pépovTal oe GopTia EPOTNHATWY TIOL elvarl TTOAWHEVH TIPOG Tot LYNAGTEPA KAL TAL XOHNAOTEPK

emtimeda.

Mivakag 3.2: To precision yia Stapopetiké apiOud emmédwy TG iepapyiag

Levels || towards [y || towards I3
(%) (%)
4 86 91
6 80 77
8 78 77

To precision yia T popTict epWTNUATWYV TTOL TEPLYPAPNKAV KaTaypdpetat otov IMivaka B.2.
H at&non tov aplBpol tov emumédwv €xel w¢ amoTéeopa Tn Helwon TOL precision Kot yio TiG
SV0 KaTNyopies TV POPTIWY EPOTNHATOVY, OTIWG NTAV avapevopevo. Emiong, mapatnpeital pia
ONUAVTIK Helwar Tov aptOpol Twv Aettovpylav roll-up oTig HETPHOELS Yix Ta popTix EpWTNHA-

TV TToL KaTevBvvovTaL TPog To £p Kal pia peiwon Twv amopaceny yia drill-down yiax ta popTtia
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EPWTNHATWYV TOL KatevBovovTal Tpog 1o 3. Emumhéov, kat yia Tig 800 Katnyopieg epdavifetal
pio Taon avénong twv Aettovpytwyv re-indexing mpog v avtifetn katevBuvvon oe cLYKpLON e
Vv O won tov $poptiov. H cupmepipopd auvth pimopel va SikatoroynBei and to yeyovog 6Tt
UTTApXOLV TIEPLooOTEPQ eMiTieda KAl ot artodpdoelg Yl re-indexing pitopei va eivat dipopovpeveg
Kat va xpelafovtat kdmoteg entmAéov SlopOwTikég Aettovpyieg re-indexing, ®oTe T0 CUOTNHA VA
TIPOCUPUOCTEL OTA eloePXOpevVa epwThpata. EmumAéov, mapatnpeitat 6Tt avédvetat o aplBpodg
TV EPWTNHATWY TTOL eMAVOVTAL [e TN Xprjon soft-state delkTwV, el yia popTia EPWTNUATOVY
mov KatevBovovtal mpog to . H dapopd oto katayeypappévo precision eival eploodTePo
afloonpeiwtn ya TNV avtifetn mepintwon ndélwong. O meploplopévog aptdpdg Twv SlakplTv
TIHOV oTax LYNAGTEpa emimeda evvoel TNV enavaypnotpornoinon Twv deiktmv. Onwg gpaivetal
otov IMivaka B.2, n peiwon oto precision eivat pikpdtepn 6tav Ta epTAHATA givarl TOA®HEVA

nipog To {y.

3.7.8 Melétn 1ng Amodoong 1ov Zvotipartog yia Aedopéva tov APB bennchmark

H mpooappootikétnTtar Tov oLoTHHATOG SOKIHACeTAL €TTiong KAl yia pia GANN Katnyopia
TpaypaTIK@V dedopévav. o autd 1o Adyo, xpnotpormo)dnkav GpopTia epwTNHATWY TIOL TTPO-
épxovtatl am6 to APB-1 benchmark [apb]. To APB-1 Snpiovpyei pia doury faong dedopévwv pe
TIOAMATIAEG SLAOTAOELG Kot TIAPAYEL VO GUVONO ATTO ETILXELPTTLAKEG AELTOVPY(EG TTOL AVTUTPOCW-
nievovv TN AettovpykdTnTa Twv OLAP epappoyav. [ia T melpdpata Tov eKTeEAETTNKAY, XPNOL-
poroteitatn didotaom Tou product, SnAadn pia tepapyxia pe €L eminmeda (to TelevTaio eminedo Tng
lepapxiag meptéxet o 90% twv pehwv tg). Eldikdtepa, o aplBuog tov Siapopetikmv Tipav kdbe
erumédov eivar |6y = 50|, [€1 = 150], |€2 = 800], €3 = 3050|, |£4 = 6950] and |[€5 = 93050

GANO XUPAKTNPLOTIKO TOL GLVOAOL OedopEVRV eival OTL O aplOpog TV TIHAOV yia Kabe kdpPo oto

.'Eva

emopevo eninedo Sev eival otabepdg, OTwG oTa TponyoLpeva bvola Sedopévwy TToL TTapdxOn-
Kav pe N xprion yevvitplag. To ¢poptio Tov pWTNUATOV gival TOAWUEVO TIPOG T XOUNAOTEP

enineda g lepapyioag Kat 10 75% TwV epOTNHATOV eivat yio TIHEG ToL €4 Kat Tov L.

Ta mepapatikd anotedéopata anekovifovtal 6to Zxfua B.21], 6mov ¢paivetal o precision
KAT& TN SdpKela ToL XpOvou Yl SlapopeTika apxika pivot levels. Afilel va onpeiwdel 611 TO
oUOTNHA TTPOCUPUOTETAL OTIG ATIALTHOELS TWV POPTIWV EPOTNHATWY KAl 1 artd800™ TOU eival To-
pepdpepn aveEdptnTa amnd 1o emninmedo mov emAéXONKe va xpnotpoToLeital wg pivot level katd Tig
APXIKEG EL0AYWYESG TwV TIAELASwV. To ovpmépaoua eivat dTt ot Aettovpyieg re-indexing, etdikoTe-
pa ot Aettovpyieg drill-down mpog 1o €4 Kat To €5, Kat ot soft-state Seikteg kKaTaPEpvouv WoTE TO

ovoTnpa va av€foet To precision, To omoio ¢pravel KOvia 6to 100%.
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Exfpa 3.21: To precision katd 11 Sidpkeia Tov xpovov yix ta APB deopéva yia Stagpopetikd apyikd pivot
levels

3.7.9 Evnuepwoelg

T TN pétpnon Tov KOOTOUG TWV GTASIAKAV EVIHEPWTEWV TV OESOUEVROV TIOU XPTOLHLOTIOL-
nOnkav ota melpdpata, epappdoTnKe 10 €N oevdplo: Apxikd emiAéxOnke 1o 90% TwV MAELGS WV
KOl EKTEAECTNKAV T POPTiX EPWTNHATWV TTOL TIeptypddpovTat 01o B. 7. Metd tnv ektéheon Twv
EPOTNHATWY, EKTEAECTNKAV EVIUEPDOELS YL TNV ELCAYWYT] TWV UTTOAOT®OV TIAEIAO WV, TTOL AVTL-
ototyoUv 610 10% Tov cuVOIoL dedopévwy. Xe aUTO To onpelo Tpémel va emonpavOel 6TL TO
GOpTiO EPWTNUATWV TIAilel ONUAVTIKO PONO YIO TOV UTTOAOYIGHO TOU KOOTOG TWV EVIHEPDTEMYV,
kabwg emnpealet 1o eminedo OelkT0dOTNONG TwV amodnkevpévoy mAelddwv. To K60TOG o€ Hn-
vopaTa ylor TV eloaywyr) piag mieddag eivat éva lookup pivupa yioo tnv ebpeorn Tou root key
Kal éva insertion pivopa yiax tnv amofnikevon g mAetddag. Ot apyikég eloaywyég TwV TAELR-
Swv Sev amattovv TNV amooTolr) entpocBetwv lookup pnvupdTey yo TNV avavéwor twv del-
KT®V, dedopévou 0Tt dev umtdpxovv dAlot deikTeg eKTOG amd avtovg pHeTafd Twv root keys kat
TwV avTioTolwv pivot keys toug. To emheypévo pivot level yix Tig apxikég mhetddeg eivat to £y.
Ta melpapata oL MpaypatonoOnKav apopolv TOV UTTOAOYIOHO TOL KOOTOUG TV EVIHEPKOOE-
wv 600V adopd Ta emnpdobeta lookups yior TNV evnpépwon Twv Snpovpynpévwy SelKTOV yia
KALVoUpYLEG TIAELASEC.

O TMivakag B.3 mephapPavet to péoo aplBud twv lookups ava elcaywyn yia Ty evpépwon
TV soft-state Seiktwv. To KOOTOC QLTS pUmtopel va BewpnBel apeAnTéo dTAV N TOAWOT glvat TTpog
T vYNAOTEPa emtimeda TNG LepapXiag. To péyloTo KOGTOG TOL LOOVTAL e 2 KATAYpAPNKE YIX TTO-
Awpéva poptia Tpog 10 €3 Kat opotopopdo valueDist. Oco AiydTepo TOAWUEVT) EIVAL ) KATAVOUT,
1600 avavetat n mBavoTnTA TNG TapENg soft-state delkTwV o€ emnimeda ekTOG AVTOV TTOL ival

10 dnpogréotepo. Emiong, d0o avfdvetatl n mOAwO™, aUTO TO KOGTOG HELWVETAL.
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IMivaxag 3.3: Méoog apiOuds lookup unvopudtov yia tnv eviuépwoy Tov SEKTOV HeTd THY eloaywy ] Kdbe
nmAeddag yia Sidgpopa valueDist

Skew towards { Skew towards {3
valueDist
0=10160=201]6=10|60=20
uniform =0 =0 1.99 1.98
80/20 0.01 =0 1.8 1.16
90/10 0.14 =0 0.39 0.25
99/1 =0 =0 0.01 0.02

3.7.10 ZuopunmAnp@UATIKE TEIPAUATIKE ATIOTEAECHATA

21N ovvéxela eptypddpovTat ev cLVTOpia Kamolx TTpdobeta melpapatik anote éopata. Eva
otd Tar TTEPEHATA AUVTE APOPE TN CUUTTEPLPOPE TOL CLOTHHATOG OTAY HeTAPAANeTaL O aplOudg
TOV TAUTOXPOV®V EPWTNUATWV orv& time unit ylo To popTia epTNUAT@Y TIOL TtepLlypddnKav. Xe
QUTO TO TIEIPAUA, TO EPWTAHUATA TWV APXIKWV PpOPTIKV TTOL TTapovalaotnkay atnv Evétnta B.7.3
xwpilovtat oe opddeg epwtnpdtwy. H kdbe opdda Eexiviel va exteeital katd tnv évapén Tov
time unit. Ta amoteAéopata TOL TPOEKLYAV YIa POPTIX EPWTNHATWV TIOV eivarl TOAWHEVA TTPOG
10 o Kat 10 3 paivovtat oto Zxnua B.22. To precision mov petpriOnke mapovotdlel apentéa
OTOKALOT) KoL YL aUTO TO AGYO TO GUOTNHA TaXpapével dlaitepa armodoTIKd Ty emilvon Twv

EPOTNHATWY, AKOPA Kat oy e€uTnpeTel Evay Heyaho aplBpd TauTdXpovwy XpnoT®y.
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Sxnua 3.22: To precision yia Tavtéypova EpOTHUATA 610V TO valueDist eivar 90/10

Emumhéov, Ta melpdpata mov ektehéoTnKayv péxpl kat 1k kopPoug €det€av pikpég mOLOTIKEG

Sapopéc. Ta amotedéopata v eopolwoewy yia StadopeTikég Tipég Tou threshold édeiav 61t
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n Stakvpavon tou precision yx 0,2 < thr < 0,4 eivat to TOAD 2%. Otav 10 thr > 0,5 Kat ot
KATAVOEG TwV GpopTiwV eivat opoldpopdeg, n Stakvpavon tov precision ¢praver péxpt 10%. Ia
thr < 0,3, mpémet va av€nBei o apxikog aplBpos TwV epOTHATOV TTOL TIPETEL VA GUUITAN pw-
Oel yia va emitparov ol Aettovpyieg re-indexing, kote va pelwBel n ektéheon mieovaldviwv
Aettovpylwv. Ta melpdparta yioo Katavopég dedopévwv mov Stapépouv wg mpog Tov aptdpd dia-
POPETIKAV TIHOV avd eminedo é8elav emiong HiKpEG TTOLOTIKEG Stapopés. Mia GANN onuavTIKh
nopatipnon eivat 6Tt 1) emAoyT StapopeTikaV entédwy wg apXikd pivot levels Sev ennpedlel
NV art6d0o0T) TOL CUOTHHATOG KATA TN ¢paon TG otabeprig Aettovpyiag Tov, apov oL Aettovpyieg
re-indexing kot ot soft-state Seikteg mpooappdlovy KatdAAnAa TI¢ dopég detktoddTNONG TOLG

OUOTHHATOG.
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3.8 'Eva Katavepnpévo Grid Information System

‘Eva oevdplo xpriong mov vrtootnpilel Tn XpnotpodTNTH TOL TIPOTELVOUEVOL CUCTHHATOG HITO-
pei va BewpnBei yia T cuAloyn Kat dtaxeiplon mAnpodopiag mov mapayetal and Information
Services oe Grid meptBdAlovTa. Ot vtoloyloTikoi Tdpot Kat oL unnpecieg oe Grid vtoSopég diar-
¢npiCouv éva peydro dyko dedopévay, Ta omoia XpnotporoobvTaL artd SIaPpopoug XprHoTeG IOV
avrjkouv o€ oA oUG dlaxelploTikovg Topeic. H minpogopio avtr Sev mpoopiletal pdvo ya
ToV Xelplopo yeyovdtwy (event handling), 0w ota mapadootakd cuothpata mapakolovOnong
(monitoring systems) ota SiKTLA LITOAOYIGTWYV KAL 0TI LITOAOYLOTIKEG ovaTolxieg. H mAnpogo-
plocTrou mapayetal arnod Sipopoug unxaviopols OTWE To monitoring systems ylx cUGTOLKiEG LTTO-
Moytotov (Ganglia [Gan], Hawkey [Hawl]), Stdpopeg vninpeoieg (GRAM, RLS [glo]), cvotpata
OLPAV, KAIT., OPYAVWVETAL Kol TIAPEXETAL O OLAPOPES EPAPUOYEG, OTIWG AOYLOTIKA CUOTHUATA
(accounting systems), xpovoSpopoloyntég, Siktvakég muleg (portals), kAt [ta avtd to Adyo, TO
Baotko {Ntnua kata to oxediaopd evog Grid Information Service eival n avayvopion g mAn-

podopiag mov amatte{Tot Kot 0 TPoaSloPLopdG TOL KAAUTEPOL TPATIOL Yl v Yivel Stabéaun).

2116 oVyxpoveg apxtTekToVIKEG Yia Grid Monitoring (MDS, R-GMA), ta deSopéva mov agpo-
poLV TNV KaTAoTaon NG vIodoung cLAAEéyovTal amd éva ouvOLAOoHO monitoring CLOTNUA-
TV and kabe mdpo Kat opyavovovTal and Tovg “apaywyovs Tng mAnpodopiag” (information
producers 1 information providers). XTi¢ apXIKEG YEVIEG TwV monitoring apXITEKTOVIK®YV, ol info-
mation producers opyavovovtav oe lepapxikés Sopég kat dnpooievav ta dedopéva Toug, Ta
omoia arroBnkevovtav ev téhel oe Paoelg dedopévwv Tomov LDAP petd tn ouANoyr) Toug. ZTig T1io
HOVTEPVEC ePpapOYEG, ot information producers eival yvwoTol 6To 0GTNHA, apol eyypadovTal
oe éva Index service (MDS) 1} éva Registry (R-GMA). Ot KatavadwTég TNG TANPopopiag potdve
™ Sopn autr ylo Tov eVTOTIOUO Twv producers Kot EMIKOLVOVOUY e OAOVG AUTOVG YLo VA oTTO-
KTrjoovv Ta dedopéva mov xpetdlovtat. Emmpoobétwg, vmapyovv Siddpopeg vmnpeaieg cvoyng
(aggregator services) mov GLAAéyoLV AN podopia artd Tovg information producers e tn xprjon
HNXAVIOH®V TToL TIpoadlopilouy Tov TUTo Twv dedopévwy Kat T cuAeyouevn TAnpodopia. [ia
napddetypa, Ta VOs Slatnpolv TéToleg uTnpeoieg yior T GUANOYT TANPOPOPIG YLot TOUG TTOPOLG
ToL VO a6 toug information producers mov vntépxouvv oe Stapopeg cuaToryieg (sites). Adyw Tov
HEYEAOUL OYKOL TwV deSopEVmV Kat TNG XPNOLUOTNTAG TOUG Ge TIOAATIAEG UTTNpeaies, Bewpd Twg
efvat onpavTikn n vmapén pia armodoTikng Avong yia tnv aatobrikevon Kat 11 SelkTto0dTNON TNG
TIapAyOUeEVNG TANpodopiag, n omoia kabiota Suvatr Tn SLVANLKT) TTPOCAPHOYT TOU CUGTHUATOG
OTA AUTAHATA TOV XPNOTOV KAL TV LIINPECIOV KXl CUVELCPEPEL OTT) SIAAEITOVPYIKOTNTA Kot TNV

amodoTikoTnTa NG Grid vtodopurn.

21 BipAoypadia vrtpxovv didpopa CUOTHUATA KAL APXITEKTOVIKEG TTOU TIPOTEIVOVTAL WG

Moelg yix information systems. H AUon mou xpnotporoteitat evpéwg eivat to Globus Monitoring
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and Discovery Service (MDS) [MDS].'Eva Grid Index Information Service (GIIS) mapéxet €va gu-
VOTITIKO KaTdAoYo yla deSopéva xauniotepou emumédov mov arodnkevovtat oe ToAanAa Grid
Resource Information Services (GRISs). Aicpopa GIISs pmmopodv va cuvduacTolV o€ ia lepapyl-
K1) Sopr) oL EMITPETEL TN GUVOAIKT AVAKTNOT TNG TTANpodopiag pe TNV enepmtnomn Tov GIIS mov
Pploketal oto vYnAoTEpO eminedo (top level GIIS). QoT1600, TO MDS 8ev ammotelei pia emekTdoL-
1n Avon: IToAamAa attipata arté toug clients propovv va 0dnynoovy otnyv unepPpoOpT®aOT TOU
top level GIIS [ZFS07]. Eva dAXo cOoTna TTOL XpnoLpoToLeiTal Kupiwg yia To accounting kot
™ dnpoocievon mAnpopopiag mov adpopd Toug xproteg eival 1o Relational Grid Monitoring and
Discovery Service (R-GMA) [RGM], 1o omtoio vrtootnpilet TOAOITAOKOUG TUTTOVG EPWOTNHATWV TTOL
oLVAVTOVTAL O€ 0XeOLaKEG Paoelg Sdedopévwv. To R-GMA mapovaotdlel Tnv mAnpogopia oav va
elvat amoBnkevpévn oe pia elkovikn Paon Sedopévmwv ov ammoTeheiTal artd éva GOVONO ELKOVL-
KOV TIVAKwV. Opwg, peyarot oykot dedopévmv mpémnel va petapepBovv offline oe pia kevtpikn
Pdon Sedopévmv He OTL HELOVEKTAHATA HITOPEL AUTO VA ETIPEPEL GTNV ATTOS0CT) TOL GUGTHHATOG.
To Poaoikd peloveKTNHa o OAeg aLTEG TIG HeBOS0oUG eivat OTL Kapior At aUTEG TIG APXITEKTOVL-
KéG Sev elval emekTaotpn dtav avfdvetal o apldudg Twv data collectors [ZFS07]. Emumpdobeta,
O\EG AUTEG OL apXITEKTOVIKEG TTpolToBéTouy TN petadopd Twv dedopévwy (data migration) pe
offline Tpoémo (1) ava Taktd xpovika SioTrpata) oe pia Keviptkn Tomobeoia, 61TOL N CUVOAIKT
nAnpogopia prropei va yivet diabéopn. Ze avtibeon, n mpotetvopevn Ao amotelel éva evieAwg
QITOKEVTPWHUEVO OVOTNHA, OTIOL O Ta dedopéva eival ouvexag StaBéotpa kat SetktodoTovvTal
0To eTineS0 AETTOUEPELNG TIOV ETTPETIEL TN YPIYOpP™ ETIALOT) TV EPWTNHATWV.

TeVIK®G, 0L APXITEKTOVIKEG TETOLWV TIANPOPOPLAK®V CUCTNUATOV HITOPOVY VA XWPLOTOUV OTIG
akOAovBeg SOHIKEG KATNYOpieG OVUPWVA e TIG LTTAPXOLOEG TEXVONOYIEG KAl Tar TTapadelypata

TIOU TIPOEPXOVTOL ATTO LTTAPXOVOEG UTTOSOHEG:

+ Kevtpwomoinpévn Avon (Centralized solution): H mapayopevn minpogopioa améd didpo-
pa epyoheiot yla monitoring dnpootevetal oe pio kevrpikny Pdon dedopévwy. O xproTteg
Bétouv Ta epwTAPATA TOVG O€ aUTH TN PAon SedOHEVWY Yl VX AVAKTHCOLV TNV TIANPO-
popia 1Tov Toug evliadépel. Mia cuvnBiopévn texvikn eivat n Snuovpyia akpPOV avTi-
yYpddpwv TG Pdong dedopévav i n Sixtrpnon piag tétotag Paong yx k&Be VO, wote va
amogpevxBovv pawvopeva dlaitepa LYNAOL PpopTioL Kal HEHOVWHEVA Opeia amoTuXiag

(single points of failures).

+ Katavepnpévn Aon (Distributed solution): Xe avtrjv v mepintwon vlomoteital éva po-
vtého producer—consumer pe KATavepnuévo Tpdmo wote va dnuiovpynei pia eikovikn
Bdomn Sedopévwv. Ot producers eyypdadovtal oe éva Katdhoyo (Registry) kat meptypd-
¢pouv 1o TUTO Kat T Sopn TNG Tapayopevng mAnpodopiag. Ot consumers €MIKOLVOVOLY

pe To Registry yia tnv elpeon Tov KATAAANAwV producers Kot 0T GUVEXELX ETILKOLVWVODY
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{E aUTOVG Yl TNV AVAKTNON TwV OXETIKWV Sedopévwy, onwe ¢paivetal oto Exnua B.23
(distributedCP model).

Information Consumers

~—_7
\ﬁ Registry

\

A

L4 @ 4

alal
"

Information Producers

Exnua 3.23: Amekévion evég IS mov aviimpoowiebel o povrédo tov distributedCP

To meptypagopevo ovotnua anotelel pia oAokAnpwiévn AVon yia TNV 0pyavwon Kot Tnv
amtoBrkevon Tétolov eidovg mAnpodopiag. H mpotetvopevn didtaln pnopei va evowpatwOel oe
éva Grid mepipdAlov kat va o8nyroel o€ pia TANpwG Katavednpévn Avon. Xe autriyv TNV apxl-
TEKTOVIKT, Ol KOpBol pe Toug information producers kat avtoi mov oxetiCovTal pe tn dtayxeipion
™G Anpogopiag opyavavovtat oe pia DHT emkdAvyn, onwg ¢paiverar kat oto Zxfipa B.24. H
SpOHONOYNON TWV UNVUHATWV GTOUG KOUPOUG TNG ETIIKAALYNG SIEKTTEPALOVETAL CUHPWVA |LE TO
DHT mpwtdkollo mov xpnotpomoteitat kot dev amatteitat kémmola kKevrpikr doun. H xprion g
P2P emukahvyng odnyei oe pio emextdoipn Ao, eve emtvyxdvetat e€locoppdmnnaorn tov ¢popTou
dedopévov Kat epwTNUaToV. [la TN ovYKeKpIHEVN epappoyT) opileTal Kal pia EVVOLONOYIKT Le-
papyxia pe Siadpopa emineda ocvvoyng mov xapaktnpilel Ta mapaydpeva dedopéva. Etol, kdOe
numerical fact meptypdpetal ano tnv evvololoyikn tepapxia tov. Eniong, dev amatreital offline
ovAoyT Kat emeepyacia Twv dedopévay, apot vootnpilovtatl ot Stadikaocieg Twv online evn-
Hepooewv. O pnxaviopog re-indexing emitpénel Tn cvvoyn NG MANpodopiag oe SIAPOPETIKA
eninmedo AeTITOUEPELAG AVANOYX [E TIG TAOELG OTX ELoEPXOpEVA epwTHHaTa. EmumAéov, To Registry
1) To Index Service mov mepiéxel Tig TooBETi{EG TWV LTTOCTACEWY TIOL EKTEAODV TIG AVTIOTOLYEG
uTnpecieg LAoToLelTal pe Katavepnpévo Tpomo H oxediaon avtr mpoodidet Tnv 1810t Ta TNG OXL-
TOOPYAVWOTG OTO CUOTNHA Kot SLaPOPOTIOLEITAL KIS TIG UTTAPXOVOEG KATAVEUNHEVEG TTPOOEYYi-
O€lG, OTIOL €vag consumer Tipénel va arevBuvOei oe Evav KevTpIKO KATAAOYO Ylor vor avaKoAD el
Toug producers. Ta Sedopéva cuvoyilovTal SUVAHIKE Kat AToONKEVOVTAL fe KATAVEUNUEVO TPO-
IO CUUPWVA [LE TIG TIPOTIUNOELG TWV XPNOTAOV KAL HE TOV TPOTIO AUTO EMITLUYXAVETAL ] pelwan TOV

KOOGTOUG eTe€epyaaiag Kot EMKOVOVIAG.
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clients

xnpa 3.24: H mpotewvouevny apxirektoviky yia éve IS cotnpa

‘Eva mapddetypa xprong tng mMPoTelVOHEVNG apXITEKTOVIKNAG Yl To IS pmopel va amotehé-
o€l 1 LIoBETNON TNG Yl TNV LTINPeTiar TTOL TTapEXeL TTANpodopia Yl accounting oKomovg oTo
EGEE Accounting Portal [ege]. H vninpeoia avth xpnowpomnotei to [et.05], mov eivat pia epappo-
yN yroo v eme€epyacia Tov dedopévwy Tov TapdyovTal oe K&Oe site. Xtn ovvéyela, ot R-GMA
producers cuAéyouv Ta dedopéva kat Tae vIToP&ANOLY o€ pia KevTpikr faon. H B&on avtr ovA-
Aéyel ekaToppLpla eyypadwy Kat Ta armodnkevet offline. Adyw Tov TepdoTiov dykov Twv Sedopé-
VWV, HOVO KATTOLEG CUVOTITIKEG OYELG TV OLAPOpwV HETPIK®YV, OTIws Number of jobs, Normalized
CPU usage, SumCPU, CPU efficiency vmtohoyifovtat offline kot yivovtat Stabéoipeg otoug xpn-
o1eg. O Xelplopds avtdg Tovilel To yeyovdg OTL OTIG KEVTPLKOTIONHEVEG TTIPOCEYYIOELG TIPETIEL VX
Aappdvetal vTOYN 1) TOCOTNTA TG TTANPOPOPIAG TTOL PUAACCETAL XAAK KL TO KOOTOG TTOL XTTalL-
teltat yoo T $OAan 6. H amhiy evvololoyikn tepapyia yi to VO mov xprotpomnotfnke ota
niponyovpeva apadeiypata O pmopovoe va Xxpnotpomotndel Kat yia Tr CLUYKEKPLUEVT) EPAPHO-
¥ Opwg, otnv Evotnta B9, meprypdpetarl pia mo Aemtopepnig evvolohoyLKn tepapxia mtov xpn-
OLLLOTIOLEITAL KAL OTO TIEPAHATA YO TO CLUYKEKPLHEVO TEVAEPLO XPHioNG, PATeL TG oTtoiag yivetal

1 Katavoun Tov dedopévemv 0Tovg KOUPOLGS TNG ETUIKAALYNG.

3.9 A&ioloynon tovu Ilpotetvopevou Grid Information System

To mpotevopevo ocVoTNHA SOKIHAOTNKE Yl TO OEVAPLO XProng Tov wg €va Grid IS kat ov-
yKpiBnke pe karoleg vdpxovoeg AVoelS. 1o akdlovBo meipapia Oewpr)Bnke 6TLN 0pydvwoT Twv
Sedopévav kat n Aettovpytkotnta mov mapéxetat ard To EGEE Accounting Portal mov avanto-
xOnke and to CESGA [egé], eva xpnotpomomOnkav dedopéva kat epwTripata and Tnv mpay-

HOTIKT) XPT)OT) TOL GUYKEKPLHLEVOL GLOTHARATOC. To cuyKeKkpLuévo portal cuykevtpavel Sedopéva
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amod Ola Ta sites mov ouppeTéxovv oTig Ltodopég Tov EGEE kat tov WLCG adAa kat amd -
A sites mov avrkovv oe Grid opyaviopovg ov cuvepyalovtal pe tnv vitodopr tov EGEE. Ta
Sedopéva avalbovTal TEpAITEP® Yl TN SNULOVPYIK OTATIOTIK®Y TTEPIAYEWV TTOL TTAPOLOLALO-
vTat otoug xpriotes. Ta numerical facts mov evliagépouv Toug xproteg eivatl didipopeg HeTPIKES
onw¢ Normalized CPU time, Number of Jobs, KA. Kot ot TIpéG yior autd cANEYovTatL amtd Siddpo-
pa monitoring epyaleia and toug grid moépovg. H pébodog mov akolovbeital 610 cuyKeKpLpéVo
portal eivat 0Tt ekTeeiton mepatTépw eneepyacio TwV CLYKEVTPWHEVWY SedOpEVROV KAl TN OL-
véxela elodyovtat oe pio offline fdon dedopévav. O peydhog 6yKog TV TIH®V TTOL GUAAEYOVTAL
kaBlota pn edpiktr) T StabeotpdTnTa TOUG 0TOVG XProTEC. [lar AV TO TO AYO, SnptovpyoLVTAL GU-
VOTITIKEG OYelg Kal artoBnkevovTtal oe pior KEVIPIKY PAoN woTe va eival epIKTr 1 Tapovsioon
TOUG p€ow TOL portal 6Toug XproTeG. TNV TPOTEVOHEVT) TIPOOEYYLoT vioBeTelTal Hia TTapepPpe-
pn¢ avtiAnyn. To monitoring Twv MOpwV KAl ) GLANOYT TV TIH®V Sev SlEPELVATAL AETTTOHEPKOG
Kat Bewpeital OTL xpnotpomolovvTal Kémola “apadootaxd” grid epyaleio (m.x. APEL). Emiong,
yivetat n voBeon 611 1 emefepyaocia kat Snpoaoievon Twv numerical facts Sikpopwv peTpiKOV
yivetat amé pio Tomkn vnnpecia Tov K&Be KOUPo. L cuvéxela, ) TANpoPopia AUTH WITOpPEL va
amtoBnkevTel 0ToLG avTioTolxoug Information Servers mov pnopel va vntdpxovv oe kabe site. O
OTOXOG TOUL CUYKEKPLHEVOU TIELPAHATOG eival va Oeifet OTL ) TTANpodopia ToL CUANEXONKE oXETL-
KA pe Toug grid mdpoug prtopei va opyavwBOel Suvapikd £T0L MOTE Vo TPOCKPHOOCTEL GTO GopTio
TWV EPWTNHATWY ELVOWVTAG TNG e€LOPPATTNOTN TOL POPTOL epyaaiog avdpesa 6Tous KOpPous. O
POPTOC TV ePpWTNHATWV (query load) yix k&Be Information Server cvykpivetat pe T centralized
kat TN distributedCP Avon).

H meptypadn Twv aptOpnTikov TV Twv petpikov (numerical facts) akolovBel pia epap-
xior et emunédwv mov e€axOnke amd T Sopn MOV XPNOLHOTIOLE(TAL YIX TNV TTAPOLCIAOT TWV
dedopévav otn ovykekpipévn epappoyr). Ta emimeda g tepapxiag ametkovifovtat oto Zxnua
B.25.

H ovyxexpiuévn tepapyio éxet xpnotporotnOei yia ONeG TIG KATNYOPIES KAL TX TTPOYPAUHATA,
wote va dtatnpnBel pia kotvr) Kot yevikn meptypadr). [ va eaxodpaliotei dtt pia Tipr) dev avn-
KeL o€ TOMATIAG O€vTpa pe SlapopeTIké TIHEG oTo root level, éxet mponynOei emefepyaoia Twv
dedopévav Kat €xouv avTioTolynOei pe Hovadikd TpdTo oe aképateg TIHES AapBavovTag LITOYN
(G TIHEG OAwV TV emmédwv avapeoa oto VO eninedo kat oto vnd e€étaon eminedo. H ovyke-
Kptpévn vdbeon pmopei va attioloynBei, yix mapdadetypo to Number of Jobs Siapépet 6tav ta
EGEE sites mov Bpiokovtatl otnv EANGSa pwTiovvTat yior 0o StapopeTikég Tipé. Emumiéoy, oTig
vntdpyovoeg grid vrodopég amoTelel KON TTPAKTIKT VO CUUTTEPIAXHBAVETAL 1] TLH YLX TV LOLO-
mta Tov VO o1a epwtipata mpog to Information Service. 0u¢pwva pe tnv mAnpodopia mov
napéxetat and To accounting portal, 0 cLVOAIKOGS aplOUSG TwV sites TOL CLUHETEXOLV G SLdPo-
PEC KATNYOPpIEG Kal TIPOYpappaTa TNG LITOSOUNG KupaiveTal YUpw ota 700. Kabe site Oewpeitat

¢ évag EexwploTos KOpPog atnv eopoiwon Tov mpotevdpevov cuotipatos. To péyebog Tov
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root
level VODiscipline

VO

Category
SubCategory
Region
SubRegion

SiteName

Exnpa 3.25: Ta enimeda 176 evvoidoyikie tepapyiag mov opiotyie yia to Grid Information System.

oLVOAoL TV dedopévwy TTov elonxBnke oTo cLoTNUA eival 5798 Kat pdvo Ta LITOoTNPLOpEVX
VOs amnd kdae site ApOnkav vroyn. Ta map&detypa, ot Baveg TIHEG Yl éva site TTOL aviiKel
ot1o EGEE pmopel va eivat:

[High-Energy Physics, atlas, EGEE, Production, SouthEastern, Greece, HG-01-GRNET].

IMoapdla avtd, kAol aTd Tt Sites TToL aviikovy oe GANEG KATNYOPIEG HITOPEL VoL PNV €XoLV
dnNAwbei pe TpdIO TéTO0 HOTE Vv TpoaSiopilovTat ot TipES Y Kabe emimedo NG lepapxiag. Ze
aUTAV TNV TEPITTwWOoT), To avTioTolyo emnimedo hapPavel pio “Yevdotipn’, n omoia dev mephapPa-
vetal ToTé o€ Karmola epwtnon. [a mapdderypa, pia mietdda yia éva Tétolo site Tov avrkel 6To
Tier2 éxeL TNV avtioTolxn Hopdn:

[Infrastructure, dteam, Tier2,Tier2Sub, UK, UK-London-Tier2, UKI-LT2-HEP].

To ¢poptio eputnuaTwy dnuovpyndnke Pacel TPAYHATIKGOV EpWTNHATOV TTOL €XouV TeDel
oto EGEE accounting portal katd tn Stdpkela 0o pnvav. Aedopévou OTL auTh) N epaprOYT
emelepyaletal mepattépw T OedopEVaA TTOL CUAAEYOVTAL Kot ONHIOVPYEL CUVOYELG AULTAV, TTPO-
opépel TN SuvatdTNTA éva EpOTNHA Vo avadépeTal o€ pia opdda ard VOs. Z1a amotedéopata
oL TapovotdlovTatl kK&be epHdTnua peTAPpdleTal oe IoodVVapa epwTpaTa, dTTOL K&Be epmdTHA
avadépetal o ¢va VO amd avta tng ouvolikng opddag. Kabe opdda epwtnpdtov vtofdile-
Tl 0TO OUOTNHA piot popd, eved Bewpeital évag otabepdg pubpoc exTéNeon( Yl TIG opddeg Twv
epTNpaTwV. H idor ovpPaon akolovBeital Kot 6TV TIEPIMTMOT) TOU KEVTPLKOTIONUEVOL Kol TOU
distributed CP povtélov. E€ 6owv eival yvwoTtd, eivat Ko mpakTikn va npoodiopiletal éva ou-
ykekpipévo VO otav epwtotvTal Ta diddpopa epyaleia Twv Information services. H andédoon tng
TIPOTELVOUEVNG APXLTEKTOVIKIG CUYKPIVETAL [IE TO KEVTPLIKOTIONHUEVO HOVTENO, OTTOV piot KEVTPL-
K1 Bdon dedopévmv amobnkevel OAN T OXETIKN TIANpOPOpia Kot ATTAVTHEL TA EPWOTHUATA KoL TO

distributedCP povtélo O1ov évag KeVTIpIKOG KATAAOYOG TIPOowBel Ta EpWTARATA 0€ OAOLG TOUG
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KOpPoug pe oxetikd dedopéva. To popTtio epwTnuaTOV TIEpLEXEL TTepimov 20k opddeg epwTnpd-
TV, IOV €XoUV petadpactel oe 250k epTHHATA COHPWVA e TOV TTEPLOPLOUO Yo TN Snpovpyia
EexwploToL epwtipatog yo kabe VO. H mieloyndia Towv epotnHdtov oToxevouy Ta €, {3 Kat
€4 YOpw 0T 85% TOL Xpdvou (19%,36% Kat 32% avTIoTOIXWG).

Ta metpapata emavakpOnkav pe tn xprion kabe mbavov emmédov wg apxiko emninedo eloa-
ywyng. To precision Tov TpoTEVOUEVOL CLOTAUATOG TTAPAEVEL LYNAS KAl HOVO TO TTOAD 3% TwV
epwtnuatwy eival flood epotiparta. H Sopr Twv dedopévwv kat n moOAwon Touv ¢popTiov epwTn-
HATWV eLVOOLV TNV eTilvon TV epwTnUaTeV Kat dev anatteital flooding. H Siapopd éykettal
0TO TT0000TO TwV exact match epwTnuaTwV Kat Twv indexed epwtnpdtwy. To precision Twv exact
match epoTNHATWV GTAVEL YOPw 0TO 65%, 6Ty Tor emimeda o, €3 Kat £4 eMAEYOVTAL WG TO APYLKO
pivotlevel. Eniong, n emhoyr) tov emnédwv avtov wg pivot levels amotelel pia kahi} Moo kat yia

NV Katavopr Twv dedopévwv aToug KOHBOUG.

r T T T T T T T T ]
Q 10?’. ] A“J.A"“’“.\"""'\"'-\."“-r.’l"".\."-"A.J".‘,\/'*'v-/.".\ —
9 E . E
8 F -—- centralized ]
5 L — distributedCP 1
=8 r — Initial Pivot Level 4 1
B L - -+ Initial Pivot Level 6 _|
o) E E
— F ]
2 [ ]
(]

= L A
< 0.1

en Y-lE /A - E
E E/ “,\“*’“\\,\y‘\w,\.v"'—s" Y ’*""’I\\ > e~ E

0.01 L | L | L | L |
-0 5000 10000 15000 20000

Time (time unit)

Exfpa 3.26: Méoog ¢bprog epwtnpd TV avd kéuBo

To Xxnua B.2§ ameikovilel Tig peTaPoréG TOL HEGOL AplOHOL EPWTNUATWY IOV EMAVOVTAL
avd Koppo kata tn Stapkela TG e€opoinong. Kata tnv évapn kabe time unit, pia opada epw-
TNHATOV TIBETAL 0TO CVOTNHA KXl CUVETIOG O HEGOG GOPTOG TNG KEVTPIKOTIONHEVNG AVONG eival
{00G pe ToV aplOpod TwV EPpOTNUATWY TTOL TIepAapBavovTatl oe auThVv TNV opada. H kapmoAn mou
adopd 1o distributedCP povtélo adpopd povo To péco apliuod epotnuatwy ot éva producer. To
popTio Tov KOHPOL oL StaTnpel TOV KAT&AOYO eival (00 pe auTd TOU KOUPOL TOU 1) e €va pé-
pOG aLTOL edv LTTAPXEL £vag KOUPOG yia Tov Katdhoyo yia kabe VO. H dour SeiktoddTnong tov
TIPOTELVOUEVOL CLOTHHATOG EXEL WG ATTOTEAETUA LYNAO precision, eve 1) emeepyacia K&Oe epw-
TAHATOG YiveTat artd AydTeEPOUG KOHBOUG Kol EMOUEVMES O POPTOC EPOTNHATOV av& KOUPO eivat
ONHAVTIKA HIKPOTEPOG 0€ OVYKPLOT) He auTOV 0TO HoVTéNO distributedCP . O pécog popTog avd

KOHPo Tou mpotevopevou Grid Information System ¢ptdvel To avtiotolo GpopTo £vOG KOHPOUL
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oto distributedCP povtélo, e&v 1o lg emilexOel wg to apxikd pivotlevel. Le avtrv TnVv mepintmwon,
ot deikTeg Tpowbolv T epwTApaTa 0TOV B0 OXeSOV aplBpd KOHPWV OTWG 01O distributedCP

HovTéNO.
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KEDAAAIO 4

Eva Katavepnpévo Zootnpa ylo 1 Ataovvdeon

[ToAvdiaotatwv Aedopévmv

10 Kepddaio @ mapovoid{erar éva kataveunuévo cOaTnpa yia tHv amodoTIKy KATAVOUN Kal
Z emeepyaoia moAvdidoTatwy tepapyikdv Sedopuévawv. To cvyKekpiuévo ovoThnua ovoudeTan
LinkedPeers xai otoxever otnv vmootipiln 600 PAOIKOV XApaKTHPIOTIKOV: VITOOTHPIEY evpeiag
KAlpakas yioa pepikas Sopunuéva dedopéva kar amodotiky, kataveunuévy enelepyacio epwThud-
TwV. Ol TIPOTEVOUEVES OTPATHYIKEG avallTHONG ETMKEVIPOVOVTAL KUPIWS OTHY ETIAVOY EPWTT-
pdtwv ovvdabpoions (aggregate queries) oe moAdamAés Siaordoeis. Lo va emirevyOei i emilvon Té-
1010V €i00VG EPWTHUATWY, TO cUoThua LinkedPeers ypnowwomowel pia “evvoroloyixyy” alvoida amé
DHT SaxtvAibia yiax Tv amoOixevon tr¢ mAnpopopiag pe Tpomo TéTolo doTe va SuatnpeiTan 1] te-
papxiky doud. EmmAéov, vAomotodvTal IpooapuooTikol uyxaviouol Téao yia Ty poOuLoy Tov -
médov Aemrropépeiag tn¢ SetkT080THONG 600 KaL yiax ToV “Tipo-vmodoyioud” mbavey, ueAloviikav
EPWTHUATOV OUUPOVA Ue Ta eloepyoueva epwtiuata. H amoredeouatikétyta tov LinkedPeers
aloloyeitar melpapatikd yia StapopeTikd SEQOUEVA Kal PopTio EPWTHUATWY ATTOSELKVIOVTAG
OTL TO TOOTHUA ETLTVYXAVEL VYHAD precision eV TAUTOXPOVA UELWVEL TO KOTTOG ETTIKOLVWVIAG Kol
1pocapud (et Ti¢ Sopés SelkT080THONG TOV AvAAOYy X e TA EPOTHUATA TTOU AApSdveL.

Ou uéBodor mov mpordOnkav oro LinkedPeers mpocapudlovrar ka ETEKTEVOVTAL KATH TETOLO
TPOTI0, WOTE vV XpHoLuortoiBoly ae Eva TPaAYyUATIKG TEVAPLO XPHOYG TIOU VITAYOPEVETAL ATTO TN
Swayeipion Siaavviedeuévawv dedopévav (Linked Data). To mpéopato mapddetypa tv¢ mpwtoov-
Mo twv Linked Open Data (LOD) éxer w¢ atéx0 TV €vomoinon peydlov 6ykov Sedopuévawv amo

237
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Sapopetikés mnyés mpoélevans oto AadikTvo TAPEXOVTAG UNYAVLIOUODS EVPELAG KAIpaKAS Yia
reasoning. O vITOAOYIOUOS TWV EPOTHUATWY OTA AVAPEPOUEVA TIEPYBAALOVTA YiveTaL KUPIWS pe TaL
e€n¢ ovariuara: Kevipikomompuéva cuOTHUATA Kat EVOTTOUEVa ovaTHuata (federation systems).
A6 T pia mAevpd, n TPAOTH KATHYOpla CUTTHUATWV AVTIUETWITIEL TIEPLOPLOUOUS GO0V apopd
TNV EMEKTACUUOTHTA TOUG Kl TOV OYKO TV SeSOUEVWY TTOU YITopodV var SiayelpioTovv. Ao Tnv
dAAy mAevpd, To federation amé Siapopetrikés RDF amoOrkeg (RDF stores) umopel va peidoet tyv
amédoon Tov cvoThHuatos. Aaupdvovrag vréyn v Sour) Twv Staovviedeuévwy dedouévwy Kau Tig
ATIUTHOELS Yia THV ATTOTEAEOUATIKY SLayeipion TéTolov eidovs dedouévwy, mpoteivetaw To PI4LD:
éva avotnpa Setktod0THONS IOV Paccilerar oe P2P teyvoloyies yia tn Siayeipion Siaavvedeué-
VoV dedopévwy. Xe auto T0 0UOTHUA, 0L ATTOONKEVUEVEG OVTOTHTEG Kol KAKOELS 0Py aVOVOVTAL O€
Lepapyies ovppwva pe 16 ovrodoyies, Tic talvouies kar ta Ae&iddyia mov yprowomototvar. Ot
oxéoels ueTald TwV oVIOTHTWY SIATpOUVTAL e EVA KATAVEUNUEVO TPOTIO, EVE TA SedOUévar IOV
TTapayovTaL amo SagopeTIkES TNy EG umopoty va etoayBodv ato ovotnua. To mpokmTov a0oTHUA
umopei va yprowporown0ei eite w¢ piae avtovoun Avon yia ty pidolevia Siaovvdedeuévwv dedoué-
vov 1] w¢ éva eviidueoo eminedo ndve amd federated myyés. To PI4LD vmootypiler Sidpopouvg
TUTIOUG ATI0 EPWTHUATA, OTIWG ATIAL EPWTHUATA YL THY AVAKAAVYY TV OVIOTHTIWY Kat TAUTO-
xpova 1o modvmAokovs TOOUG EpTHUdTWY. H avalvtiky alloddynon tov cuoThHuatTos 1600 yia
ovvleTikd 600 Kat yia mpaypuatikd dedousva kar n abykpioy Tov ue pia SnuopiAri RDF amobixy
deixver 611 10 PI4LD pmopei v TETUXEL UELWUEVOUS XPOVOUS Yia THV enelepyacia TwV EpOTHUd-

TwV.

4.1 'Eva Katavepnuévo Xvotnpa yia 1n Atactvvdeon IoAvdidotatwov

Agdopevav

Ta Sedopéva oe Totkileg epappoyeg eptypapovtal amnd moAamnAég Staotdaoelg (.. dikota-
on xpoévog, Staotaon eAdtng, Staotaon Tonobeoia, K.a.). To moAvdidotato povtéhro dedopévmv
éxet vioBetnBel evpéwg amo Tig amobrkeg dedopévwy Kat TiIg OLAP edpappoyég, dedopévou Ot
ETTPETIEL TNV AVATIAPAOTAOT TV OeSOUEVWV [E TN HopdT KUBwV dedopuévwy. e auTh TN Hop-
¢1) AVATTAPAGTACTNG, Ol SIHOTEGELS TOL KOPOL AVTIGTOLXOVV Gg OVTATNTEG Yia TG oTtoieg Slatn-
poLvTaL eyypadE. [la TNV avarmapioTaon TwV TIH®OV TwV SlaoTdoewv o€ SlapopeTikd emnimeda

AETTOEPELOG HITOPODV VA XproLpoTiolnBovv eVVOLONOYIKEG Lepap)ieG.

[ToAvdiaotata dedopéva Sev XpnoLHOTTOLOVVTAL HOVO OTIG EGAPUOYEG AVAAVTIKAG eTelep-
yaoiag, aA& avTioTotxeg anattioelg yia n diayeipion tétolov eidouvg dedopévav tiBevtal Kat
and pio TANBwpa SladIKTLAKOY ePaproYDV. Xe TETOLOL €idoug ePaploYEG, Eévar GANO Paotikd

XOPAKTNPLOTIKO elvoart 1) EAAELYT) KEVTPIKOTIONHEVWY KOl AUOTNPWG OPLOHEVWY OXNHUATOV, OTIWG



4.1. 'Eva Katavepnpévo Zvotnpa yia t Atactvdeon ITolvdidotatwv Aedopévov 239

aUTA TIOL XpnolpoTolobVTaL 0Ta “TIapadooiakd” cvoTHpaTa Pdoewy dedopévay. Zuvibwg, Té-
TOl0L €{d0VG ePapUOYEG EKTENODVTAL O€ KATAVEUNHEVES TIAATPOPES, OTIOL SLAPOPETIKEG TINYEG
niapdryovv Sedopéva [Data] kat yior avtd 10 AoYO eivat Svokolo va yivel ) eme€epyacia Tovg and
KEVTPLKOTIONHEVEG ADOELG. ZUVETIOG, TETOLOV e{d0UG TAXTPOpHEG TIpETIEL VA €XOLV TN SuvaTOTNTA
va eneepyalovtat moAvdikotata Sedopéva oL eival amoONKEVHEVA KATAVEUNHEVA (L€ OTTOTE-
Aeopatiko kat online Tpdro.

To ovotnpa LinkedPeers mov mpoteivetal oe autrv 11 SlatpiPr) amotelel éva cVOTNHO ATTO-
Brkevong kat ene€epyaciog dedopévmv MOMATAGV SlaoTaoewWV (e armote eopaTtiko Tpdito. Ka-
Be SlxoTaON OPYAVAVETAL TTEPALTEPW LE TN XPTIOT) EVVOLONOYIK®V LepapXlwv. H opydvwaon omota-
dnmote apBpov dabéoipwy mopwv yia TNV amodnkevon twv dedopévwv emTuyXdveTal e T
xprion evog DHT. Ot mopol ov mapdyouv Ta 8ed0péva HITOpovV Vot TaL EL0AYOLV 0TO GUOTN-
HO AUTOVOHA KAL VO T EVIIUEPWOOLV [LE VEEG EYYpadEG oTtoladnoTe oTtypn). [la Tnv meptypadn
Twv dedopévwv St xpetdletal o aplBpds Twv dlaotaoeny va eival otabepdg, eve kabe Sikotaon
mieplypadetal and pia evvololoyikn tepapyia. H eme€epyaocia tov epwtnuatov yivetal pe ¢vav
TIAPOG KATAVEHUNHEVO TPOTIO KAl HITOPEL VA EVEPYOTIOLTEL HNXAVIOHOVG TIPOCAPHOYTNG TNG O€t-
KT080TNONG PAOEL TWV EPWTNHATOV KAL TIPO-VITOAOYIOHOV EPOTNUAT®V YIA TNV EAXXLIOTOTIOMON
TOU KOOTOUG ETIKOLVWVIOC.

To kivnTpo Yl T0 oXeSIAOUS TOL GUYKEKPLUEVOL CUOTHHATOG elvat N aVATTTLEN piag KaTa-
Vepnpuévng vodopng evpeiag KAigakag yia tn dlaxelplon pHeptkwg Sopnpévwy dedopévwy. To
OUOTNUX AUTO SLAPOPOTIOLEITAL ATIO UTTIAPXOVOEG TTPOCEYYIOELG OTIG OTIOIEG TAL OXHATA Kl Ol
oxéoelg peTad Tov Sedopévmv kabopilovtal Katd TNV apXikn elcaywyn Twv dedopévwy 0To oU-
otnua. To LinkedPeers ctoxevel atnyv mapoxn peyalvtepou Pabpov elevbepiag otn doun twv
Sedopévav: Ta dedopéva meptypadovtat armod d-Siaotdoelg, kabepia ek Twv omoiwv XpnotporoLel
NV avTioTolxn lepapXia mov éxet optotel yia avth. ITapdia avtd, Sev amalteital n meptypadn
TOU OVTLKELHEVOD TIOU ELCAYETAL OTO GUOTNHA oIt ONeG TIG StaoTdoels. Ev avtiBéoel, o otdxog
efvat va vtootnpixOel To CLYKeEKPLEEVO XapaKkTNpLoTiko Kat va dnuiovpynei éva ocbotnua yla
NV amoteleopatiKn ene€epyaocia TéTolov eidoug Sedopévmv.

To LinkedPeers xatadpépvel va opyavmaoel Tor UTto HeAétn dedopéva e TéTolo TPOTIO MOTE
va dtatnpeitat OAn 1 TAnpodopia ov eurmepLéxetal otnv tepapyia. [ia avtd 1o Adyo xpnotpo-
motovvTat devpikég dopég dedopévav, pia yio kabe Sikotaon. Ot devdpikég Sopég SlapopeTIKOV
dotdoewv avatiBevtal oe StapopeTikotg KOHPoLG TOL SIKTVOU, AAAG TaVTOXpOVa SlaTHPOL-
vtat oUvdeopol HeTaEl Twv dévipwv Tov cuvdéovTal pe Karola oxéorn. H opydvwon tov DHT
emuédou yivetat ovppwva pe TN didtaln Twv SioTdoewy oL HITopel vo TTPOKOYEL ATTO T OTHot-
vTIkOTNTA NG K&Oe SidoTaong, TNV MOAWOT TV epTNHATWY, KATL: To LinkedPeers amoteeital
artd TTOMATTAEG “elkoVvikéS” eTKaAVYeLG, pia yia kKaOe SiaoTaot. TNy mpoyHATIKOTNTA T KAEL-
S1d yia Oheg T1¢ Sotdoelg ptopovy va HotpalovTal Tov idlo xapo avayvwploTikay (identifier

space) kot va xpnotporoteitat pioc DHT emkaAvyn yia Oheg 116 Staotaoelg avti g dnuiovpyiag
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piog StadopeTiknG yiar Kabe SldoTaot). Ze auTHV TNV TEPITTWOT, 0 SLXWPLOHOG TWV OXKTUAL-
SV NG K&Be didoTaong eival elkovikog. Mio adpnpniévn aImelKOVIOT TV EIKOVIK®OV SAKTUAL-
S1ov TG apxltekTovikng Tov £xet vioBetnBel oto LinkedPeers yio d-SlaoTAoELG paiveTal 0TV
Ewoéva 1. H otpatnykn yia tn Snpiovpyia evog Stapopetikod daktulidion yia kabe Sikotaon
€xel G OLVETEL TN SLAOTINGT) TNG CUVOALKNG TIAELAS G O€ ETILHEPOVG TUAHATA TTOV TIEPLEXOLV TIG
TIpHéG TG Kabe SiaoTaong Kat TNV eloaywyrn NG Kabe “vmo-mAeddag” oto mpwtevov (primary)
Kot ot devtepevovTta (secondary) Saxtulidia avtioTorya. Ot devopikég Sopég ota devtepevo-

vt SAKTUASIA StaTn POV TANPOPOpPIX OXETIKA e Tar OEVTPA TTOL CLOXETI(OVTAL OTO TIPWTEVOV
SakTUAISL.

Secondary rings

N0d1 7 Data

Data ™\

Dat i i Nod
o Primary ring 54

Nod ¢\ N

Data - Data
Nodgs Nodg7

Sxqua 4.1: [eViKY ameikovion THG apyiTeKTOVIKHG 1Tov Exet vioBeTnOei oto LinkedPeers

H 18éa miow artd 1o oxediaopud tov LinkedPeers eival n dnpovpyio €vOg auTOVOHOUL, “TTpw-
TeVOVTOG” SaKTLASIOD Yl TNV aroBnkevon Twv dedopévmv, eva Ta devtepebovTa SAKTUAISIA
oLUPEAOLY 0TV ATTOTEAECHATIKT) SNpIoLPYX TV ATTAUTOVHEVWY SEIKTAV, ETUTPETOVTAG OTO V-
OTNUA VX ETIOTPEPEL YPIYOPX GUVOTITIKE OITOTEAECUATA Yl TIG pWTNOEVTEG TIHEG ENXLOTO-
TIOLWVTAG TO KOOTOG eTKOlVwViag. Me Tn Snpovpyia emimAéov SEIKTOV Kal TOV TTIPO-UITOAOYIOHO
EPWOTNHATWY, 1) ATTIOTEAECHATIKOTNTA TOL CUOTAHUATOG EUTTAOVTI(ETAL TTIEPAITEPW.

To mpotevépevo cvoTnpa emiTpénel TNV eneepyacia TOAOTTAOK®V aggregate epOTNHATWV
yia omotodrjmote eminedo ng k&Be didoTaong, OMwG Ta akdAovBax mapadetypata: “Iowe pédy Tov
emmédov City avikovv oto Country ‘Greece’?” 1) “Iloto eivau To population IOV aVTIOTOLYEL TTO
Country ‘Greece’ ?” 1) “Ilowax Cities Tov Country ‘Greece’ éyovv population mdvw amé 1 eKaTopuuv-
pLo Katd 10 SLkoTHpe oV avTioTowEl oTo Year 2000°?", 6mov Bewpeitat 61t Ta Sikpopa eminmeda
aVTIOTOLXOVV OTIG lepapxieg Location (Omwg ametkoviletal oto Zxnipa B.I) kot Time(dnwg amel-
Koviletat oto B.4) kot meptypagouv éva fact yix tov mAnBuopo (population). H edpapuoyn tng

TIpoTElVOHEVNG SelkToSOTNONG eMITPETeL TNV eVpeot omotacdnmoTe TIHNAG Kabe tepapyiog xwpic
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va amattovvTal enpoobeteg TANpodopies, eV 0L CLVAPTHOELS CVUVOYNG UITOPODV VA LTTOAOYL-
O0TOUV GTOUG KOUPOUG TIOL KATAANYEL EVOL EPAOTNHAL.
ZUUTIEPAOCHATIKA, TO oVoTNHa LinkedPeers yapaktnpiletal amd to akdlovba Katvotopa xor-

POKTNPLOTIKA:

+ Amotelel pia ohokAnpwpévn Avon yia v amobnkevor), deiktoddTnon Kot enefepyaoio
EPOTNHATWV Yia dedopéva Tov TieptypadovTal amd éva HeTaPANTO aptBpod diaotdoewy,
KaBe pa a1td TIG omoieg dopeitat TEPALTEPW ATIO EVVOLONOYIKEG Llepapxies. To LinkedPeers
prtopei va ekteléoel online evnuepwoelg Kat va Staxetptotel o deSopéva e TARPpwE KATA-

VEUNUEVO Kol AVEKTIKO 0€ OGAAUATO TPOTIO.

+ TMapéxet éva pnxaviopo vhomoinong (materialization) mov mpodmooyilet TG OXeTIKESG OYeLg

ytor LeAMAOVTIKT) XPr)OT) TTOU apOpOUV TIHUEG TWV EPWTNHATMV TTOL ATV TIOVVTAL.

+ Tlpooappolel Ti¢ Sopég detkTo86TNONG OVHPWVA e Ta epwTHHaTa TTOL BéTovTal 6To oV-

oTnuaA.

H avélvon tov ovotpatog vtootnpifetot amo pio avaALTIKH TTEPAPATIKY aEloAOYN o™ TNG
artéS00NG TOV, £TOL WOTE VX AVAYVWPLOTEL ) GUUTTEPLPOPA TO Yia Sidpopa poptia dedopévmv

KOL EPOTNHATWV.

4.2 XopPoAiopdg kat Opiopoi

Ta Sedopéva OV €lCGyOVTAL OTO GUOTNUA ATTOTEAOVVTAL ATTO TINELASEG IOV TIEPIEXOLV TL-
HéG amtd éva xopo Sedopévwv D. Ot mietdadeg avtég opiovtal amd éva cUvolo SlaoTaoewv
{do, .., d3-1}, kaBag kot and ta mpaypatika facts. KaBe Sidotaon d; cvoxetiletal pe pio evvoto-
Moyikr tepapyia ov opyavavetat oe L; enineda ovvoyng £, 6mov 1o (j € [0, L;—1]) avamapiotd
10 j-0076 eminedo ¢ i-77¢ SikoTaong. Emiong, opiletat 611 10 € Ppioketat vynldrepa (higher)
(1 xapnAotepa (lower)) amd to eminedo £ kat cupPoAileTal wg € < i (1 i > i avtioToa)
iff k <1 (k>1),eqv 1o {y avtioTol el oe éva Aiyotepo (meplocdtepo) Aentopepég eminedo oo

10 {jf (11.X., Month < Day). Ot m\etddeg avamnaplotévovtat pe TNV e€ig popdrn:

(00,0 +++100,Lg=17+++ 1 Vd=1,07 -+ » Vd=1,Ly_ =15 fOr -+)

OTIOU TO U; j AVATIOPLOTA TNV TLT TOL j-00700 eTunédou tng diotaong i. Emonpatvetat emiong
OTL OL TIHEG TIOL AVTLOTOLKOVV 0TO OUVONO TIUWV (value-set vjy, ..., V;i1,—1) K&rolag Sidotaong
HITopolV va arrovotdlovv améd kamota TAeldSa Kat Tt To fact (e.g., fo) pmopel va eivat omoto-
dnmote tUTOL (TL.X., APLOUNTIKO, KEiEVO, SIAVUOHATIKO, K.0.), XAAG K&TTolx SidoTaom Tipémetl va

BewpnBei w¢ primary. To eninedo £iy ovopdletat root level TnG i-tng Stdotaong kot n hashed tipn
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TIOL AVTLOTOLKEL GTO Vjp ovopaletat root key. Ot TipéG ToL XapnAGTEPOL ETUTESOU TWV LEPAPXLWV
(Vi (1,-1)) avadépovTal wg Tiués-pvAa (leaf values).

OL TG Twv emmédwv NG lepapyiag oe kabe dikotaon opyavavovtal e devdpikég Sopég.
Xwpig amolewor TG yevikoTTaG, Bewpeital 6Tt k&be Tiun Tov emumédou € éxet €va povadikd
TpOYOVO 0TO apéows LYNAGTEpO eminedo (dnhadn oto eminedo €;_1)). [a TV ewoaywyr Twv
TAeladwV oTa TOMAITAG SaKTUAISI, éva emtimedo NG k&Be didotaong emhéyetat; n) hashed Ti-
pr) Tov e€umnpetel w¢ key oto vrokeipevn DHT emkalvyn. K&Be avagopd oe avtd 1o emimedo
yivetat g pivot key. To pivot key mmouv avtioToixei otn primary didotaon (1§ oto primary daktu-
\id1) ovopaletar primary key. Ta pivot levels mov avTioTOX00V 0TO LYNAGTEPO KAL GTO XOHN-
Aotepo eminedo kabe tepapyiog yiax éva ovykekpipévo root key ovoudlovtar MinPivotLevel kot

MaxPivotLevel avtiotola.

O Tipég Tou value-set piag didotaong pali pe To avtiotolxo aggregated fact opyavovovtat
G KOpPot piog devdpikng doung (tree structure), n onoia cvveloPpEpet aTn SIATHPNOT TWV ONHO-
OLOAOYIK@WV OXE0EWV Kat 6NV avalnton tev Ttpov. To Zxnua .2 nepiypddet 1o mapddetypa
avadopdg yia Tig melddeg Tov BewpolvTal Kot 0To EMOPEVA TIAPADELYHATA TTOV T pOoLaLA{ovy
116 S popeg Aettovpyieg Tov cLOTHHATOG. Ot TTAELSEC aUTEG akoAovBoUV €va oxXrpa TpL@V Sta-
otaoewv. H primary Sidotaon meptypddetal amo pia tepapxia Teco&pnv enumédmwy, eV oL UTTO-
Motrteg Ovo meplypagovTal ad dvo Lepapxieg TpLwv Kat dvo emumédwv avtiotoa. Emonuaivetat
OTLOTO OLYKeKPLUEVO TTap&detypa ot SVo TehevTaieg TAeldSeg Sev TiepLEXouy TIHES yia TIG SloTd-
oelg dy xat dg avtiototya. To emAeypévo wg apxtko pivot level yio tn primary Sidotoon eivat 1o
{02 Kot GUVETIOG OAeG oL TIAeLGdEG TTOL paivovTat £xouv To idto pivot key otnv primary Sicotaon.
OMa ta value-sets oe kabe SiaoTaon opyavavovtal oe devdpikég SopéG TTov £xouy Ta Sl root

keys oe k&Be Sikotaon.

Tuples in a local database: a
Primary Dim | Dim, Dim, | Fact I0 - root
(boyb1,b2) (00,01) f1 as key
(bg,bq.b'o) | (cq.¢'4) | F2 pior_ o
null (Co,C'1 ) f3 key---< * --Ié\;el
(g.b'1.0" N pun | fa RN
a3 @z ag

Exfiua 4.2: Téooepic Siapopetikés mAedSeG pe Sidpopovs cuvSVATUOUS TIUWY avAUeoa OTi¢ SLAoTATES
Kat y SevOpiky] Sops IOV TIPOKVTITEL yia THV primary SlkoTacy.

O Baoikdg TUTTOGC EPWTHHATOG TTOL LTTOOTNPileTal oTo LinkedPeers eivai TG HOpPrG:

q = (%k, ceey Qij, ceey ‘J(d—l)m)
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Kat adpopa 11 cuvabpolon Twv fact(s) pe T xprion g KAtdAANAng ovvdaptnong cvvdadpot-
ong (aggregation function). To g;; oupBoliCet TNV TIr ToU j-00T0Y eMUTESOUL TNG LEpapXing TO
omoio pmopei emiong va mapet Ty T * (or ALL). Otav avtr n Tt mpoodiopiletat yla Ka-
mota Sidotaom, TdTE omolAdNTIOTE TN TNG OLYKeKPLEVNG SidoTtaong Bewpeital amodexkTr yia

TNV AITAVTNOT TOL CLYKEKPLUEVOL EPWTHHATOG.

4.3 Ewoaywyn tov molvdidotatev dedopevav

To mpotetvopevo obotnpa xelpiletat 1oo0 palikég eloaywyés (bulk insertions) 6o kat ota-
dlakég evnuepwoelg (incremental updates) pe évav eviaio Tpomo. Aedopévou 6Tt 0 oxedlaoudg
TOU OUOTHHOTOG CUVETIAYETAL [ix ELKOVIKT EMIKAALYN Yix K&Be Staotaon, dnpiovpyeital éva key
(Yo mapdderypoa pe tn xpron g SHAL ouvaptnong KATakepHATIOHOD) Yl TO eTAEYHEVO pivot
value tng kd&0e didkoTaong.

Katda v etocaywyn Twv dedopévmv, n minpodopia yia to pivot value eivat idiaitepa onpo-
VTIKA (HOVO KAT& TIG apXIKEG ElOAYWYEG eTAéyeTal To pivot level oOppwva pe TIg avdykeg Twv
epappoyav). ITapdla avtd, o oxediaopdg mov akohovOnOnke oto LinkedPeers mpoimoBétel Ot
edv emihexBel pia T v;; wg pivot key katd v elcaywyr piag mhelddag, ToTe Kébe TAEIASa
TTOU TIEPIEXEL TN CUYKEKPIUEVT) TIHF Vjj TIPETIEL VAL TN XPTOLHOTIO0EL WG pivot key otnv i-777 did-
otaon. [ta va tnpnBei n ovykekpipévn vtdBeon, évag KOpPOG Tpémel va yvwpiletl Ta pivot keys
TIOL LTIAPXOLV KATA TNV EL0AYWYT) HLoG Kavoupytag mAeladag. [la avtd 1o Adyo, 010 LinkedPeers
vAoTtoLe(Tat EVaG TIA PG KATAVEUNHEVOG KATANOYOG TIOL artoOnKeVeL TTANpOPOpiot OXETIKA [LE Ta
root keys kat ta avtiototya pivot keys toug oo Siktvo. K&Be root key anobnkevetat otov koppo
rov eivat urtevBuvog yiax avtd. Kabe popd mmov éva kawvotpyto pivot key tov cuykekpiuévou root
key eloayetat oto ocboTNHA, TOTE 0 KOHPOG TTOL gival vtevBLVOG Yl To root key evnpepaoveTal
yla avTO Kat To TpocBETel o€ pio AMioTa pe To yvwoTd pivot keys mov Statnpeitat ylor auto To root
key. To root key emiong eivat evnpepopévo Kat yix to MaxPivotLevel mov éxet xpnotpomoinOei
Yl TIG EL0AYWYEG TV TIHAOV TOU 0T CUYKEKPLHEVT SlaoTaon.

H dadikaoia yla tnv eloaynyn Twv THoV piag mAetddag KataAMNAAwg oe OAeg TIG SIOTATELS

amoTe)eital and Ta akolovba Pactka Prjpata:

+ To root key g k&Be didotaong evnuepavetat yia to avriototyo value-set
(i, -, ViL,—1) TNG MAELGD G, £TOL WOTE Vo amopactoTel To pivot level mov evdeikvutal va

xpnotporotnOei.
+ KaBe value-set (v; g, ..., v;1,—1) elodyetal 0T0 avTioTOLXO i-00T0 daKTUAISL

+ Anpiovpyovvtaim evnpepovovtat ot obvdeapol (links) petald Twv dévipwv Twv secondary

dlaotdoewy pog TNV primary StdoTaom.
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root key of
dimy —F bge=--"""""-

Tuples in a local database ofNod.,: ——
Primary Dim Dim, Dimy  Fact root key of

0
- Nod
(ao~a1aa)|(b0°1)| f primary dim 7 0917
| il

Pivot value of Pivot values
primary of secondary

Yxnua 4.3: Ot doués yia ta Sedopéva mov Syutovpy HONKay UETd THY EL0Ay WYY THS TIPWTHE TAEddaG IOV
eupaviletar oo ZxHpa

Apxika, o koppog mou Eekivdel T dwadikaoio (kKOpPog initiator) emikowvwvei pe to root key
Tou value-set tn¢ primary Siqdotaong. To root key Tng primary Sidotoong evpepOVETaL yia TNV
Kavovpyta Aedda mov pdKettat va elooyBel 0To cOOTNHA KAl LTTOJEIKVVEL TO KATAAANAO pivot
level: Edv 1o 810 pivot key vmapyet 11n, 161€ 10 pivot level emléyetat, ever otnv avtibetn me-
pintwon emAéyetal To MaxPivotLevel. Otav 1o root key dev vmapyet 10n oto ocvoTnua, TOTE
amoOnkevetat oTov KOpPo mov eival vitevBLVOG yla avTO Kal To pivot level Tov emAéyeTal eite e
TuXaio TPATIO 1) aipVeL TNV Tiur) evOg TpoemiAeypévou pivot level yio 6Ao To cvoTnpa. XTN CLVE-
xeta exkiveitarn DHT Aettovpyia yiax tnv eloaywyr) tng mAetadog otny primary didotaom Kat av-
TO €Xel WG TOTENESHA TNV KATAANEN TNG TTAEL&S G 6TOV KOpPBO TT0U €ivart uelBLVOG Yia To pivot
key mov ano¢aciotnke. O k6pPog mov eivat vtevBuvog yia To pivot key Tng primary Sikotaong
arroBnkevel To avtioTolyo value-set oe pia SevEpikn Tiur) Kot oOAOKAN PN TV TAeGda o€ pia arro-
Brkn, n omoia avadépetat anod edw Kat 610 e€NG wg Tomky Bfdon dedouévwv (local database).
EmumAéov, amoBnkevel to aggregated amotéheopa (1} amoteléopata) yia OAeG TIG TTAeLGdeG IOV
gxouv v idix Tipn oe k&Be eninedo (Snhadr) To aTToTéAEOHA TWV AVTIOTOXWV EPWTNHATWY (V)j,
*,...,%),6mov j € [0, L;—1]). To Zxnpa B3 mapovoialel tnv eloaywyrn tov value-set (ag, ai, az, az)
oto primary SakTulidL o€ pio emkaA LY OV atoTeAeiTaL ATt KOPPoLG TTOL cupPoAilovTal wg
Nod;. To root key ag 8ev vtépxetl oty ek vy Kat 1o oo eméyetal fe TuXaio TpOTIO WG pivot
level. Etot, Snpiovpyeital to root index armoé 1o ag mpog to ag Kat n mAeldda elodyetal otov KOpPo
Nod, o omoiog eivat vtevBLVOG yia To pivot key Tng TG a2 oVUPwva pe To DHT mpwtdkorro.

O képpog Nod; elodryel ertiong OAeg TG TLpég TnG mAelddeg oto local database tou.

To endpevo Prpa eival n amobkevon twv value-sets yia Tig utoAoLteg SloTAOELG 0T AVTI-

ototxa SakTuAiSia. O kOpPog Tov eivat vTeLBLVOG Yl To primary key emikovwvel pe kaBe KOpPO
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Trov eivaut LTeLBLVVOC Yo KaBe KAeldi Kat evipepwveTatl yla To KatdAAnho pivot level otn Sidota-
on dj. Apo0 mtpoadioptaTolv Ta pivot levels yia Tig secondary Siaotdoelg, To value-set tng k&0Be
dikoTaong amobnkevetat otov kKdUPo mov eivat vrtevBuvog yia To pivot key tov. Zavd, T avTi-
OTOLXO GUVOTITIKA aITOTEAETUATO SLATNPOUVTAL OTOVG KOUPOoUG Twv Sevdpikav Sopwv. Ot TipEég
Twv secondary SlaoT&cewv cuoyeTilovTtal pe TNV primary ikotaon péow Tov primary key. K&Oe
leaf value evog 8évtpou oe éva secondary ring Sixtnpei pia AMiota amtéd primary keys pe T omoia
ovvdéetat. H Sopn mov amobnkevet Tig avtiototxroelg petald Twv leaf values kat Twv primary
keys avapépetal wg Linked Table. Emiong, o koppog mov eivat vmebBuvog yia To primary key aro-
Onkevel Ta pivot levels Twv value-sets Twv secondary Siaotdoewv otnv TomKn Pdon Tov pali pe
NV OAOKANpN MAel&Sa. Mia AN Tapatripnon eivat 0Tt eav 1) eloaywyt piog mhetadag dev exte-
AelTal KAt TNV apyIKh ¢OpTworn Twv Sedopévwy aTo oboTNHa Kat €va root key vmdpyet 118n, tote
oL LTI&PXOVTEG soft-state OeikTeg TPETEL Kat avTOl var eviiHepwBolv Yl TNV Katvovpyla Aetdda.
H Swadikacia mov meptypadpnie otnv Evornta B.5.1 umopei va akohovOnOei yio To value-set yia
10 omoio vrtapxel To root key tov. Xe avtiv TV mepintwor, dedopévou oTL ol soft-state Seikteg
utopei va ammoBnkevouv ta aggregated facts yua tig deitktodotnpéveg Tipég, ot soft-state Seikteg
TIpETEL va evipepwBolv dxL Hdvo yla Tig TomoBeoieg Twv KavoLpylwv SEVTpwV, aAA& Kat Yl Ta
kawovpyta facts. E&v éva dévtpo vmapyet 10N, TOTe ot TIHEG TIOL €XOLV onpelwbel wg detkTodo-

TNHEVES TTpETel va L&Bouy Yl TNV Katvoupyla TAedda.

Linked Table

7777777 S

Vi
Nodzg e

Tuples in a local database of Nody: Nod 17
Primary Dim Dimy  Fact

(ag.aq|asjaz) coler) | f1

(@g.aq|agas) (ghc't) | f2

(ag.aqjagja's) coic'y) | f3

(ag.aqjagja“s) null fy

~\

Pivot values of
secondary dimensions

xnua 4.4: Tediky tomobérnon kaw SeiktodoTnon TV mAewddowy, mov eupavifovrar oto Zxhpa 0710
LinkedPeers

Y10 Zxnua B3 anetkovifovTat kot ot Sopég yia T dedopéva Twv secondary SlaoTAOEWV, OTIOL

Ta §évtpa amotelovvTa artd povo éva kKhado. Kata tnv eloaywyr) tou value-set (bg, by, b2), o
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root index by Snpovpyeitat (to pivot level icovtat e o root level kat Sev eivat avaykaia n n-
Hovpyia emumpocbetng Setktod6TNONG OTNV TMEPIMTWON TIOL APOP& TNV TIUn Cp). To Exrpa f.4
artetkovilel TNV TeAKT) TomoB€Tnomn TV TIHGOV Twv MAelddwv Tov Zxipatog f.2 otoug kdupoug
™G emkalvyng. Otav elodyetat n) 0eVTepn MALGOK 0TV ENMIKAALYT, TO root index ylor TNV TIHn
ap kaBopilet 611 n T az vidpxet 8N oo SikTLO KAl AV TIoTOLXEL O€ pivot key. Tia avTd TO AdYO,
n mAetdda avtr) Tipénel va arrodnkevtel otov KOpPo Nod; Kat £vag véog KAGSog elodyeTal 6To
vntapyov 8évtpo. Ot Tipég TG Sidotaong di dev éxovv optotel oTnv Tpitn TAELGdA, AANK TO Ye-
yovog avtd Sev emnpealet T diadikaoia Tng eoaywyns. H eloaywyrn Tov TIHOV Yix T didoTtaon
dy €xel oav amoTéleopa T Snpovpyia evég katvovpylov évtpou yia To pivot value b}. Epocov
1o primary key ywa d\eg ti¢ mAeladeg eivat to iSio, To local database touv kopBov Nod; mepiéxet

O\EG TIG YPAHWEG TTOU dpaivovTal 0To oxnpua f.2.

4.4 Enefepyaocia Epotnudteov

Ta epwtipata mov BéTovTtat 6To cOOTNUA aTtoTEAOVVTAL ATIO GLVOLAGUOVG TIH®V. OTav éva
epOTNHA TTEPIAXHBAVEL pia TIHT TTOL avTIoTOLKEL O€ éva pivot level, ToTe 0 kP oG TTOUL elvat LTTED-
Buvog Yl T ovyKkekptpévn Tipn ptopei va evtomiotei pe pio armh DHT avalntnon. Awadopeti-
K3, 0 HNXAVIOPHOG eVTOTIoHOD Tipwv Tov DHT mpwtokdAlov Sev emapkel ylo Tnv avalitnon Twv
VITOAOT®V ATTOONKEVHEVWV TIHOV. OL TIPOTEIVOUEVEG TEXVIKEG HITOPOLV V& XpnotpoTtotnBolv Kat
Ylo TOV €VTOTILOHO TV LITOAOLTOV ATTOONKEVHEVWY TIH®V.

H\oyikn TG mpocéyylong mouv akolovdnOnke yia mnv elcarywyn Twv mietddwv otn DHT emi-
KEGALYN oToXeVEL 0TN ST PN on TwV SIaoLVOETEWV HETAED TwV TTOANATIAGV SIOTEGEWV (e Evav
KOTAVEUNUEVO TPOTIO, OOTE Va diveTat n SuvaToTNTA Ava(TNONG TOV TIHOV TwV SO TAoEWV eiTe
Hepovopéva eite pe ouvSLAOHOVS TOMATAGVY TIHGOVY. Oty éva epatnpa Sev poadiopilel pia
OULYKEKPLHEVT TIHT Yix K&Tola Staotaon (dnhadr) xpnotponoteital n *-tipr yiax avtr tn didoto-
on), 1ote k&be mbavr) Tiun eivat armodekTn) ylax TNV emiAvon ToL EpWTAHHATOG. Oewpeital OTL éva
epoOTNHA Htopel va TiepLéxet péxpt d-1 ¥ Tipég yia 116 d daotdoes.

Aedopévov 6tL To LinkedPeers eTUTPETEL TNV TIPOOAPHOOTIKT HETAPOAT TwV pivot levels avp-
Pwva He TO GOPTIO TWV EPOTNHATWY, £vag KOPPOG Tov Eekivael pia avalntnon O yvwpilel ek
TV TTPOTEPWV EAV KATTOLX KTTO TIG TLHEG TIOL TIEPIEXETAL OTO EPATNHA avTloToL el o pivot value.
Tor avtd 10 Adyo, BéTel Stadoyikd lookups yio k&Be TIpn TTOL TTEPLEXETAL OTO EPWTNHA AVAAOYW
HE TNV TTPOTEPALOTNTA TWV OLAOTACEWY, HEXPL VO EMOTPAPEL KATTOLO AITOTEAETHA. APXIKK, XPN)-
otporoteital 1o lookup Tov DHT ylor Tov eVTOTIONO TNG TIUNG HE TNV LYNASTEPN TTPOTEPALOTNTAL.
Edv o képpog mov amoBnkevet Tn ovykekptpévn tiur Se umopel va Ppebei, ToTe akolovBeitat n
(St Stadikaoia yax v emodpevn tipr mov Sev eivat . Edv Sev evtomioTel Kapia ortd TIg TIHEG TTOL
EUTTEPLEXETAL OTO EPWTNHA, TOTE 1 CUYKEKPLUEVT EPWTNOT ATTOOTEANETAL € OAOVG TOUG KOUPOVG

TOU CUOTHHATOG.
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4.4.1 Exact Match Epotipata

To epwTHHATA TTOL TIEPLEXOVY TOVAKXLIOTOV Hix T TIOL avTIOTOLKEL o€ pivot level avadépo-
VTl 06 exact match epoTpata Kat Hropovv va emAvBovv pe n xprjon tov lookup punxaviopot
tov DHT. Awakpivovtat §vo katnyopieg yia T exact match epotipata:

Katnyopia I: To epiTnua eival TG popdns 4 = (Gopivotlevels - - -)» ONNAST) 0TO epOTNHA TTEPL-
Aappaverar éva pivot value tng primary Sicotaong. Z1ig vrtoloureg SlaoTAOELG HITopel va TiepL-
Aappavovral kot GANeG TIpéG. Xe avthy TNV epintwon, To DHT lookup kataAnyet otov képpo
TI0V ivat TTELOLVVOG Y1 TO pivot key Tng primary didotaong. Eav to epatnua mepthapfavet pdvo
QUTHV TNV TN, TOTE N avTioTotyn Oevopikr dour e€epevvdaTal ylo To aggregate fact. Aladopeti-
K@, To local database epwtdral Kot Tor amOTEAEGUATA ETUAEYOVTAL AVANOYO (L€ TIG VTTOAELTOHEVOG
TIUEG TOTTIKAL.

Katnyopia 2: To epotnua eivat g popdns § = (qoj, - - -, ipivotlevels - - -)» OOV TO o Sev
avTIoTolKel o€ KaTolo pivot value. Otav oupfaivel auTo, KATTOW TIHN TOU EPWTHUATOG O in
secondary Stxotaon avTioTolkel o€ éva pivot value. H otpatnyikr) mov akolovbeitat yia tnv
eniAuOT) AUTOD TOV EPWTAHATOC elvat 1) ATTOOTOAT| SIASOXIKGDV EPWTNUATOV YIA TIG TLHEG TOV EPW-
THHATOG péXPL va Ppedei 0 KOpPOg oL eivat LITELOVVOG Yl TNV TLK IOV AVTIOTOLXEL Oe pivot
level, dnAadn yia 10 Gipivotiever- EGV TO eporTnpa dev mepthapfavel dleg Tipeg, ToTE N devdpik
Tiur) Tov Bpébnke amoOnkevel emapkn MANpodopia yiar TNV emilvon Tov epwTAHATOC, dladope-
TIK& TO epOTNHA TTpowdeital oe GAoLG Toug KOHPOLG TG primary Sikotaong mov amoBnkevovv
TIAELABEG HE TNV T Gipivotievel- Ot KOPBOL avTOl Yxvouy Ta local databases Toug yi Tnv avdkTn-
0T TWV OXETIKAOV TIAELAOWV Kal EMOTPEPOLV TA ATTOTEAECHATA 0TOV KOO initiator. Eqv mepio-
o6Tepa pivot values mephapBavovTal 6To pAOTNHA, TOTE TO EpOTNHA eTAVETAL ATt TN SLAGTAON
He TNV LYNAOTEPN TIPOTEPALOTNTA. XTO TIapadetypa Tov Zxnpatog f4, éva ep@tnua ylo Ty T
b1 pmopei va amavnOei pe to aggregated fact mov amoBnkevetat otov kOpPo Nods. QoT1600, éva
EPOTNHA Yiot TO oLVEVAOUO TWOV (a3, b1, *) ¢tével otov kOpPo Nods, Tov Se Swbetel TomKd
NV anapaitnTn mAnpodopia yia va 1o anavtrioet Kat (xpnotpornotwvtag to Linked Table tov)

nipowBei To epd TN 6TOV KOUPO Nody, 0 omoiog Bétel Tehikd To epdTNa oo local database Tov.

4.4.2 Flood Epotipata

To epwtrpata Tov dev TIEPLEXOLV KATTOLX TLUN) TIOL AVIKeEL Og KaToto pivot level dev pmo-
poLV va emAvBolv amd tov eyyeviy unxaviopo tov DHT. H povn evadhaxtikn eivat v otaket
TO EPMTNHA 0€ OAOVG TOUG KOHBOUG TOL GUOTHHATOG, OL OTIo{OL TO eTMeEepydloVTaL ATOHIKA. €
TIEPITTTWOT) TIOU TO EPATNHA TTEPLEXEL LOVO pia Tiur), TOTE oL SevEpikég Sopuég Tou K&Be KOpPou Ste-
PELVAOVTAL Yla TNV TIUA aUTH. AlapopeTIKd, 0 KOpPog amevBuvel To epatnua oto local database

Kot 0TéAvel Ta amroTedéopata ToL Bpédnkav miow otov KépPo initiator.
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2TOXEVOVTOG OTNV EAXXLOTOTIOINOT TOL KOGTOUG eMIKOVwVing Kot eme€epyaaiog, n Stadukor-
ola emivong evog flood epwtipatog epmhovtifetal mepattépw. [ta va emitevxBel avtd alomotov-
vtat ot DHT pnyxaviopoi kat ot 1816tnteg G dopng twv dedopévmv, vote va artodpevyOei n emi-
oKeyn Tov 510V KOUPoL TTOANATIAEG Popég Kal va BeoTtioTel pia oelpd GTOV TPOTIO pe TOV OTT0i0
nipowBeital éva epOTNHa 0TOLG KOUPOULG TNG emikdAvyng. H epapxikn Sopn tov dedopévwv
Kal ot dopég SelkToddTNONG TTOL XPNOLLOTIOOVVTAL ETIITPETIOLV TN SNHLovpYia Hiag EAeYXOHEVNG
otpatnytkng flooding oL HEIOVEL CNHAVTIKG TO KOOTOG ETKOVWVIAG.

Apxikd, éva flood epatnua mpowBeital amnd éva kOpPo otov “mAncléctepo” yeitova ToL 0N
DHT emwdAvyn. K&Be kéupog mov AapPavel 1o epatnua Yoxvel Tig devEpikég Sopég Tov Yo
kaBe Tiun Tov epwTpaTog. Emiong, k&Be Eexwplotn) Tipn kabwg kat 0 cuVSLVACHOG TWV TIHGOV
TIOL EUITEPLEXOVTAL OTO EpOTNHA avalnTtovvTal oto local database Tov. Edv 8¢ Ppebei timota oxe-
TIKO GTOV KOpPO auTo, TOTE 0 TapdV KOUPOG Katarypadet To eVpog (1) eVpn) Twv IDs yia T oTtoia
efvat vtevBuvog o1o flood prvupa Kat Tpowbei To epwTNHa oTOV MANGLECTEPO Yeitova Tov. H
OTpaTNYIKN ePpappoleTal doTe va amopevyxOel n eniokeyn avtoL ToL KOPPoL Eava oe kAol
HEANOVTIKT) GpAOT TNG eTMIALONG AUTOD TOL EPWTHHATOG. H AOYIKT auTr)G TNG OTPATNYIKNG OTNpi-
Cetat oty apadoxr OTL av évag KopPog éxetl N epwtnOei kot Sev mepiéxel oxeTIkEG TAELAEC,
T6oTe dev uTdpyel K&Tolo KépSog amd TNV mPowbnomn Tov EPWTAHATOG 08 aLTOV Tov KOuPo Ea-
va, akdpa kat ov vrtodetxBel wg évag vmoynerog kdpPog, o omoiog eivat Bavog va artoBnkevet
TINELASEG OXETIKEG HE TO EPMOTNHA TIOV EMAVETAL.

Edv Ppebei oxetikn minpodopia otov KOUPO TOUL €XEL GPTAOEL TO EPAOTNUA, TOTE 1) TTPOWON-
Of) TOV EPWTNHATOG OTAHATE. Xe Tepintwon Tov 1 Tipr Ppebel oe pior devopikr doun, TOTE O
KOpPOG auTog yivetat o kOpPog-cuvTovioTng (kopPog coordinator) ng flood Sixdikaciag. Edv
TIEPLOOATEPEG ATTO piat TIHEG PpeBovv aToV (010 KOHPO, TOTE TO EPWTNHO ETMLAVETAL OTO “EIKOVIKO”
SakTLAidL TG StdoTaong pe TNV LYNAOTEPN TTpoTepatdTNT. Ot TIOAVES TIEPITTAOOELS YLt KATTOLX
Tipn Tov Ppédnke eivat SV o: eite aviikel o€ K&ToLo eminedo M&vw aTtod To pivot level eite oe kKATTOLO
eninedo KdTw arod 1o pivot level. O avapepdpevog koppog de Ba kataotei kKOpPog coordinator,
oTaV piot T Tou epwTnpatog Ppebel oe pia 1) meploodTepeg mhetddeg Tou local database. Qot6-
00, o€ avTdV ToV KOpPO €xel Ppebel apketr) MANpodopia 0TI amobnkevpéveg mAelddeg, MaTe va
npowbnbel To epwTnua gite 01O root key avtrg Tng TIpNg eite oTo pivot key Tov avtioTorxa. Ot
mAeladeg ov Ppednkav Kat amavtovy To epatnpa (1] Ta aggregated facts) cupmepthapfavovral
Kol QUTEG OTO UAVUHA KATA TN Tpowbnomn tov epwtipatog. Av e€atpebel autd 1o emimpoobeto
Brina, n dadikaoia yloo TNV emilvon Tov epwTipatog ouvexilel oGV pe TNV Stadikacia Tov
TEPLYPAPETAL OTN OLVEXELX XWPIG TIEPALTEP® XANXYEG.

Av BewpnBei 611 N T oL PpEdnke avrikel o€ éva eminedo kdTw amd To pivot level, ToTe Sev
UTT&pXOLV GANQ SEvTpar pe TN cLYKeKpLpévn Tipr. O KOpPog eite 0TéAVEL TO ATTOTEAECHA GTOV
KOppo initiator Tov epwTApATOC (€4 TO EpOTNHA TIEPIAApPdvel HOVO pict TIUA 1) 1) EVPLOKOUE-

VI TIHA aviKel oty primary S1dotaon) 1) Tpowbel TO EPWTNHA KATAE HKOG TV CLVIEGUWY TOU
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(links) otovg kKOUPoULG TNG primary SIAOTAGNG ATTOKAEIOVTAG ALTOVG TTOU éxouV 10N epwTnOei.
H neprypadopevn otpatnykn yia tn 8evtepn Katnyopia Twv exact match epoTNHATWV AKOAOUL-
Beitat. Ot kopPot pe Ta primary keys amavtave e Tig oxXeTikéG TAelddeg 1) To aggregated fact. Ta
aImOTENEOUATO LT GUAAEYOVTAL amtd Tov KOHPo coordinator Kat amooTéANOVTAL GTOV KOpPo

mov €0eoe To EpWTNOL

Yty mepintwon ormov n T mov Ppébnke avrkel oe éva eminedo TAvw amtd To pivot level,
TdTE prmopel va umapxovv Kat aAAa SévTpa pe TV 0l TIpn, akOpa Kat av Ppédnke éva T€ToLo
dévtpo. o mapadetypa, éva flood pvupa ya Ty tipn a3 tov Zxnipartog f.4 ¢tavel otov KOp-
Bo Nod1, aM\& prtopel va vmtapyouv Kot aAAot KOpPot pe Tnv Tiun a3 Kat Stapopetikd pivot keys.
Evtottolg, eivat BePato 6tLn cuykekpipuévn Tipr dev amobnkevetat oe k&rmolo §évtpo pe Siapope-
Tikd root key. Aappavovrag vmoyn avtég Tig mapatnpnoel, o flood pivupa mpowBeitar otov
KOppPo pe To avrtiototyo root key, o omoiog yivetrat o kdupog coordinator tng Siadikaociog and
€0 Kat 0to €€nG. O KOUPog avTdg powbei To flood epwTnpa oTOLG KOPPOULGS TTOL YVWPIleL OTL
amoBnkevovv ta pivot keys tou e€alpavTag Toug KOpPoUG IOV €xouy NON epwtnBel. E&v n Tipn
mov Ppébnke avrikel otV primary diotaon 1) To epwTnpa 8ev mepthapPavel GANEG TIHES, TOTE OL
KOpPOL ammavToLV e TIG OXeTIKEG TIAeLGdeq 1) To aggregated fact avtiotolxa. Aladopetikd, kdbe
KOHPOG cupepAapBaveL TNV ATTdvTnom Tou K&Oe oXeTIKO amoTéNeoia TOL propei va fpédnke
oto local database Tov kat ¢éva oOvolo amnd voyn¢La links ov Siatnpovv ta pivot key(s) ng
avapepPOUEVNG TIUNAG TTPOG TNV primary Stdotact. MOAg AngBovv OAa T ammoteAéoparta, 0 KO-
fog coordinator ovyxwvevel Ta links kat e€aipei Toug kKOUPoLG TTOL €xouy 18N epwTnBei. Tehkd,
Ta local databases amé Tovg evaropeivavTteg KOUPOUG PWTIOVVTAL, ETIOTPEPOVTAL TOL ATTOTENE-

OHATA, OLYXWVEVOVTOL [E Ta IO CLAAEYHEVH KAl AITOCTENNOVTOL 0TOV KOHPO initiator.

4.4.3 MialIlpooéyyionmov Alaxpopdpaveratanod ta Epeotiuarta yia tov IIpo-vmolo-
YIopo ToUg

Y& MOME& amoOnNKeVTIK& CLOTAUATA TTIOAATIAGV SIACTACEWV €ival cVUVNONG TIPAKTIKY V&
nipo-vniooyilovtal Stapopetikeg oyels (views - GROUP-BYs) yia tn Peltinon tov xpovev amod-
Kptong. o éva gvvolo Sedopévwv R mov meptypddetal amd d SlaoTACELS [e LepapXies eVOg
erunédov, pia 0y (view) kataokevaletal amo pia cuvabpoion oto R yia éva utoohvolo Twv
Sedopévav copPwvVA e K&Toleg ISIOTNTEG e amoTéAeopa Tr Snutovpyia 24 SlapopeTiky, Ti-
Bavav oyewv (Snhadr mpokvTTel ekOeTIKT XPOVIKT) Kot XwptKr) TOAVTTAOKOTNTA). O aplBpog twv
emuédwv oe kabe StaoTaon enmpépel akOPA HEYAAUTEPT) TTOAUTIAOKOTNTA. £T0 LinkedPeers, pio
TIPOCEYYLOT) TIOL SlapoppOVETAL aTtd Tar epwTHpaTa (query-driven approach) Bewpeitat yior Tnv
QVTIHETWTTLOT) TOL TTPOPANHATOG TwV OYewv: H emloyn Twv views mov Ba tpo-vmoloylotovv Ka-

Bodnyeital and ta epwtipata, kKabang aflomoteital n Stadikacia TN eMALONG TWV EPWTNHATWY
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Partition Query:(a, ,b,.cy)
0 /

! ) reference value

Partition 1

Ixnua 4.5: Olot ta mBavd view identifiers yia éva epdtnua mov apopd Tiués amd 3 Siaordoeis

YLt TOV UTTOAOYIGHO HEPIKOV ATTOTEAECUATWV a6 Siapopeg dYelg mov BewpovvTal mibavég va

XpeloTovy oTo HéENoV Kat SlatnpovvTal “partial materialized views” pe kataveunuévo Tpomo.

To Zxnpa .3 apiotdvet dGhoug Tig ifavog uvSLAGHOVUG TGV TOV EpOTHHATOS (a1, b2, 1)
mov oxetiCetal pe Ta dedopéva ov ameikovifovtat oto Zxrjpa f4. Ot didtnTeg mov ovppeTéxovv
avikovv ota enineda {£o1, {12, €31} avtiotoa. Kdbe cuvouaopog Twv TIH®V armoTeAeiTal oo
€va UTTOODVOLO TV 8LOTNTWV TwV SlaoTdoewv oe GpBivovoa oelpd. Evag mbavdg ouvduvaoudg
TIH®V TIOL prtopel va epwtnOel avtioTolyiletal o éva “view identifier” mov amoteleital amo Tig
avtioTolxeg Tipég. Otav éva view identifier () ovvdvaoudg avtiotoxa) “vAomoteital;, ToTE TO
QTOTEAEOHA YIX AUTOV TO GUVOVAOUO TWV EMEPOTOVHEV®OV TIH®V LTITOAoYileTal Kat armoBnkeve-
TaL yta pehhovtikr xprion. [a mapaderypa, to view identifier (ay, ¢1) oto Zxnua -5 amobnkevel
TO AITOTENETUA TOV EPWTNHHATOG (a1, %, €1). Erumhéov, kéBe view identifier oto i-to eminedo g
Sevdpukr¢ Sopng tov Zxrpatog .5 e€ayetal anod tov mpdyovo touv oo (i-1)-T0 eminedo pe v
Tapdeyn TnG ovppeToxng piag Staotaong kabe popa. Otav n Tipn piag Sidotaong mapaleine-
Tat og éva view identifier, 1d1e Bewpeitat dti n Tipn TG eivar n ¥-tipn. Ot identifiers mov éxovv

Kataypadei Ndn 010 aploTEPO LEPOG TOL BEVTPOL TTapaeimovTaL.

‘Eotw 611 S; C S eival To vtoocvvolo twv view identifiers mov apxiCovv pe Vv TIpn TG 1816-
TG o opiletat otn dikotaon d;. To umoohvolo Twv cuykekpLpévey view identifiers Kokeital
Partitiong, kain S1doTaoT TTOL CUHHETEXEL O OAOLG TOVG identifiers oe avTd To LITOGVVONO Kaei-
Tat Root ;. Zro Xxnua .5, To Partitiony amoteleital amd oAeg Ta view identifiers mov mepiéxovv
10 a1, To omolo eivat To Rooty, eve 10 a1 dev epdpaviletal oe kavéva identifier Twv vtdAomwV

partitions.

Yoppwva pe T oTpatnytkn mov akolovBeital katd tn Siapkela evdg flooding eivar BéPato
OTL€XOUV A&PEL TO EpOTNHA OAOL OL KOHPOL pe SEVTpA TTOL TTepLEXOLV TNV TLHH oL PpéBnke (0T
OLVEXELQ avaEpeTal wG reference value) kot fAcel TNG oTmoiag €yLve 1 eNIALOT) TOV EPWTAHATOC.

Zuvenwg, popel va e€axOel pe PefatdTnta To cvpTEpacua Tt Sev utdpxoLV emTAéov KOuPoL
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pe mAelddeg mov mepléxovv To reference value. H vméBeon avtr) Sev eivat éykupn ylo TG v1tod-
Aourteg TipéG TIOL TiEpAapPavovTal 0To epwTnia. H mapatripnon autr eival onpavTiky yla Tov
TIPOGSLOPIOHO TV GLVSLACH®OV TIOL HITOPOLV va Yivouv materialized kot va amoBnkevtovy e

KOTOVEUNHEVO TPOTIO.

‘Eote 611 S ivat To avolo dlwv Tev 24 identifiers. Mitopei va tpokiyel To cupmépacpa OTt
HOVO €va UTTIOGUVONO Syyrtigr C S amtd view identifiers pmopel va yivel mipwg materialized, 6n-
Aadn pévo ta identifiers Twv cuvdvacouwy tov epthapfavouy To reference value. Aappavovtog
utéyn 1o Exrpa f5, Bewpeital 61t to flood eportnpa yia to cuvdvaocuo (ag, b, c1) ¢ptével oTov
KOpPo Nods kat 61t o reference value eivat 1o ba. To epwtnua O tpowOnbei otov kOB Nod;
ytoo va emtidvBei Tedikwg. Opwg dev e€aopahiletal Tt dev vitapyovy aihot KépPot mov armodn-
KELOULV TINELBBEG HE TIG TIHEG a1 1) C1. ZUNTTEPACHATIKG, TO Spgrtial ATIOTEAEITAL HOVO OO Ta View

identifiers ota puy-yxpt KOuTI, T OTOIOL UITOPOLV vVt Yivouv materialized.

AvaluTiKOTEPQA, O UTTOAOYIOHOG TWV HEPIKMV OPEWV EKTENE(TOL OTOVG KOpPBOULG TOUL LinkedPeers
e Tov akolovBo tpomo: Kdbe koppog mou emotpédel éva aggregated fact yio 1o flood epw-
Tna, vrtohoyiCel emiong Touvg dbéoipovg view identifiers Tov Spatig TOL aTOBNKEVOVTAL OTO
local database tov. Adyw 1n¢ flooding otpatnyikig Oa Ppebei oiyovpa kabe kdpPog pe dévipa
oL TepLEXoLV To reference value. Zoppwva pe autr T Stadikacia, Ta akdlovba cupmepaopata

Htopovv va e€axBovv:

+ To Spartial HOpEl va atoTeNeiTaL pOVO amd view identifiers mov avrjkovy ota Partitiong,,

Partitiony, , .., Partition, tov Partitiony . eivan 1o reference value mov

, 0110V TO Roo0t, ref

ref ref
xpnotpornotOnke yio v enivon tov flood query.

+ Edv 10 gpoTnpa minppuplotel e OAovG TOug KOHBOUG TOL SikTUOU, TOTE OAOL OL CLVOL -
Opol TV TIH®V TIOL £pWTABNKAV HITOPODV VO LTTOAOYIGTOUV KAL GUVETIOG TIPOKVITTOLY
29 — 1 ouvdvaopoi (to ‘ALL 8¢ yivetau materialized), e&v To ep@Tnua Sev mepiéxet TV

E

*-1iun oe kapia Sidotaon. ZInv mepIMT®won O LITAPXOLY *'-TIHEG, 0 aplOHog TwV view
identifiers eivau 277" — 1, 6110V N eivat 0 APIBUOG TV ““-TipmV. Edv epappodletar n mept-
YPAPOUEVT) CTPATNYLIKI YIX TNV EAAXLOTOTION 0T TwV KOUP®V TToL TTpowbeitatl To epwTnpa
Yt TNV €niAvon Tov, TdTe PHOVO oL cLVOVAOHOL TTOV TIEpLEXOULV To reference value pmopovv
va vrtoAoytoToUV. ITapoia avTd, AapdvovTag LTTOYN TOV TOTIO TOL GUVOAOL TV SedO}LE-
vV (aptBpog Staotdoewy, aptBpdg tuples, KAL), TOV TOTIO TOL GOPTIOL TWV EPOTNHATOV

&

(H€oog aplOudg TV ¥-TIHOV AVA EpOTNHA) KAL TIG TIPOSIAYPadEG TOU GUOTHHATOG (OTTWG
Vv emBuunTr KATavdAwon Tov eDPoOLG {WVNG, TO XOPO arodnKevang, KATL.) Stadpopeg Tmo-
ALTIKEG UITOPOUV VA 0PLOTOVV Yl TOV TIepLoplopd Twv aggregated ammoTeAeop&T®V TTOL Ot

UTTIOAOYLOTODV.
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MoAig mapainpBovy OAa ta amoteréopata, o KOpPog coordinator cuyxwvelel Ta aggregated
facts yia ke view identifier. ¥1n ovvéxela, vitoloyiCet to hash value tov k&be Rooty; kat elodyel
ka&be Partitiong; (j € [0,dyer]) omnv emxdAoyn. O képpog mov eivar vmevBuvog yia To Rooty,
dnuiovpyei emiong deiktes mpog Tig Tomobeoie Twv Sevdpkav dopwv yla TNV pondnomn evog
epwTAHATOG IOV Sev prtopel va emilvBel ammd Ta amoOnkevpéva materialized view identifiers. H
1O€a Yl To Staxwplopd Twv partitions Baciletal 6To yeyovdg 6tL ot artodnkevpévol cuvovaopol
TIpETEL va evTomilovTal fe TO ENAXIOTO KOOTOG o€ unvopata, Snhadn pe o DHT lookup. Ae-
dopévou OTL éva epMOTNHA ATTOCLVAPUONOYEITE OTIG ETILUEPOUG TIUEG TOV KAl B€TovTal StadoxIKd
EPWTAHATA CUHPWVA [E TNV TIPOTEPALOTNTA TwV SlaoTdoewy, KaOe identifier amoOnkevetal o1
didotaon pe TNV LYNAOTEPN TTPOTEPALOTNTA YL TIG TILEG TOUG.

Linked Table
Linked Table

7777777 1

B

Partition

Ixnua 4.6: Karavour twv view identifiers mov éyovv yiver materialized otouvg kéuPouvs tov LinkedPeers

Av kot Ba pmmopovioe va xpnotporotnBei omotadnmote mpooéyylon mov akohovBeital oTa oxe-
olakd oxiuata y tnv arofrkevon Twv aggregated facts, am\ég ‘linked-listed’ dopég Siatnpov-
vtat 010 LinkedPeers yix tnv anoBnikevon tov SlapopeTikov view identifiers pe ta avriotora
facts. Onwg ¢paivetat oto Zxrua .6, n amobrkevon twv view identifiers tov Zxruatog g5 yive-
TaL 6TOUG KOPBOLE oV eivat uitevOLVOL yia TIG TIHEG TTOL eppavifovTal oTa “okovpdxpwpa YKpt”
mAaiota. OAa To epWTAHATA PTAVOUV GTOV KOpPOo TToUL eivar utevOVvoG yia To Rooty (Snhadn ya
TO A1) TIPETEL VA TIEPIAAUPEVOLV ETTLOTG KLl TO Rootdﬂ,f, TI0L givat T0 ba. O cLVOLAGHOES TWV TIHAOV
TIOV €VaL EPATNUA TIPETTEL VA TTEPLEXEL TOVAAXLOTOV, woTe va emtthuBel armo karoto view identifier
evog partition onpelwveral pe KOkKIvo mAaioto. To epwtnpo pmopel va epiéxel pio 1) mepLoco-
TEPEG TLHEG TTOL TIEPLEXOVTAL OTA AOTIPA KOLTLE. [ mapddetypa, ta epwtipata (a1, ba, *) kat
(a1, by, c1) pmopovv va amavtnBovv amevbeiag and Ta LITOAOYIOHEVA ATTOTENECHATA TTOL €XOLV
amoBnkevtel oTov KOUPO TIOVL €ival vteLOVVOG Y To Partitiony, cUHPwva Kat pe To Zxrpa f.5.
To k\edi mov xpnotpomoteitat yia Tnv avédeon twv dvo avtov view identifiers 6Tov KATAAMAN-
Ao kopPo eivat To hashed value tov a;. Ta Zxuata E.7 kot f.§ mapovotalovv éva SiapopeTiko

napadetypa, dmov ta SeSopéva ToL CLOTAPATOC TieptypdPpovTal and Téaoepls Staotdoelg. To
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gpwTNpa TI0L BéTeTan eivan To (a;,b),cr,d)), OTIOL Kapia a6 aUTEG TIHEG Sev avTamokpiveTal oe
Karoto pivot value. Ot mBavoi cuvovaopoi kat avtoi Tov TeAkd B vtodoytoTovv (dnAadoi av-
Tol IOV TIepLéxovTal oe “Un-ykpl” KouTld) paivovtat oto Zxnua f.7, adpol 1o epdTnpa emADONKe
He Xprion TG TunG ¢k wg reference value. Mia ev8elKTIKA AItelkoOVIoN TNG KATAVOUNG TwV View

identifiers mov éxovv yivet materialized mapovoidletat oto Zxnpa .8

Query:(a; ,bj)(':k,d,)

o reference value

/ Partition B,

(@;.5;.04 ) Partition

| | (@b ] [ (a;,b;.) ] [(a,- ,Ck,d,)}

! {(ap b )] [(aﬁ Ck)] [ (a; d)) ] «_Partitiony
o P
\____Rooty VN Rooty y ‘~777Robt\2\ ,,,,, oot

Exfiua 4.7: Olot ot mbavoi view identifiers yia éva epdTHp IOV TTEPLEXEL TYUES ATIO TECTEPLS OLAOTATEL.

O1 Seixteg mov dnpiovpyolvTal Kat Ta view identifiers eivat soft-state €101 woTe va ehayloTo-
moteitat n mheovdlovoa MAnpodopia. Avto emTuyxdvetal pe T AfEn Tovg HeTd artd pia Tpo-
kaBoptopévn xpovikn mepiodo (Time-to-Live or TTL). KaBe ¢popd mov évag Seiktng xpnotpo-
noteitat, To TTL tou avavemvetal. O ovykekpipévog meploplopds e€aopalilet 6Tt ot aAayég
010 oboTnUa (T.X. aAAayég otig TormoBeaieg Twv Sedopévwy, ol adifelg/avaxwproelg KOpPwY,
KATL.) 8ev Ba €xouv wg amoTédeopa “AavBaouévous” deikteg (stale indices) empépovrtag apvn-
TIKEG EMUTTWOELG OTNV ATTOTEAECUATIKOTNTA TOL lookup pnxaviopov. EnumAéov, dtav o aptBpodg
TV QEIKTOV PTAVELEVA OPLO Ly, TOTE 1) SNpIOLPYiCt EVEG KALVOUPYLOL SEIKTT) £XEL WG ATTOTENECHA
™ Staypadn evog 1) TEPLOGOTEPWV TTAAXLOTEPWV SEIKTWV. [EVIK®G, TO oVOTNHA Teivel va Statnpel
Tou TIL0 “Ypriotpoug” deikteg, Snhadn avtovg ov avadépovtal ota dedopéva Tov avalnTovvTal

oLXVOTEPQL.

Primary dimension

Yxnua 4.8: Karavou# twv view identifiers mov éyouvv yiver materialized arovg kéufovg tov LinkedPeers
YL 70 TApASELy X TV TECTdPWY SLaoTdoEWY
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Kotd ) Stadikacia Towv evpepOoeny TwV OedOUEVKOVY, LTTAPXOLV SLPOPETIKEG EVOANAKTL-
KEG TTOL UITopo LV va BewpnBovv yia TNy evnépwaon Twv cLVOLACHKV TTOL £XoUV Yivel materialized,
AOYy® TOL yeyovoTtog OTL popel va ala§ouv Ta aggregated facts. Apevog, popei va BewpnOei
OTL adpoL Ta peptkws materialized views eival soft-state, umopei va amogpevyBei n e€avTAntikn
EVNUEPWOT) TV TIHOV TOUG, AVAHEVOVTAG TNV AVAVEWGT TV TIHGV TOUG HeTd TN AREn Toug. Ao
TNV AAAN TTAEVPE, AV T ETILOTPEPOUEVH ATTOTENECUATA TIPETIEL VA efvarl AKPLPT) Kot UTTAPXOLV av-
0Tnpoi TIEpLOPIOOL yior TO B€por auTd, TOTE pict OTPATNYIKT HITOpEL Vo epappooTei, 610U Bot arvar-
{nrovvTal ot TIHEG TV KatvoLpylwv TIAeladwv Kal Ba evnpepmvovTatl ol cuvdvacpol Tov €xouy

yivet materialized kataAAAAwG.

4.4.4 Indexed Epotiparta

OT1av éva epatnua ¢pTavel oe €vav KOUPo mou eivat utevOLVOG yla K&TToLo JEIKT, TOTE AVA-
{ntovvTal Tar ammoOnkevpéva view identifiers (edv vmtapxovv) yiot 10 GLVSVACHO TWV TIHOV TTOV
pwtatat. Edv o cuvdvaopog avtog Ppebdel, 1oTe To aggregated fact emotpépetal otov KOpPO
initiator. Ze mepintwon mov Sev €xel LITOAOYLOTEL O CLYKEKPLUEVOG TLVEVAOHSG, AANK O SeiKTNG
yvopilet Tov kKOpPovg Tov arrofnkevouvy Ta SévTpa pe T SelkTodoTNUEVN TIUT, TOTE TO EPWTNHA
npowBeital ot avtioTotga pivot keys. Edv 1o epwtnpa eival “amho” 1) Bpédnie Tiprn mov avrket
otnv primary 8ikotaon, ToTe To aggregated fact emiotpédetat. AlXPopeTiKd, ot KOpPot avtoi emi-
oTpédouv Ti§ Tomobeoieg oto primary dimension mov oxetiCovtat pe T deiktodotnuévn tipr. To
epaOTNHA Tpowbeital o€ auTolg TOLG KOUPOoLG TToL emepwTovV Tat local database Tovg. Meta tnv
enilvon evog indexed epdTnpatog fe tn xprion evog amoBnkevpévou view identifier, exteleital
n Stadikaoia yia va yivovv materialized dAa ta Suvatd view identifiers 6nwg meptypagnke otnv
niponyovpevn Evotnra.

Oukoppot pe Tig mMAelddeg oL TepLEXoLV T SelkTOSOTNHEV TIUT TIpETteL va EEpouy TNV UTtap-
€n evog Seiktn. H Suthn katevBuvon (bidirectionallity) Twv deiktdv mpoteivetal éTol HOTE va
e€aopalioTel n) ovvoxn Twv dedopévwy, av Katl ol deikTteg eivat tpoowptvol. Katd tn didprela pi-
ag Aettovpyiag mpooappoyng TG SetktoddTNnong, ot tomobeoieg Twv amoOnKevUEVOV TTAELGOWV
aAN&louv kat ot SeikTeg TOL CLOXETICOVTAL e AUTEG TIG TTAELASeg TTpéTieL eiTe va evipepwBolv eite
va dtaypadovv anotpénovtag pe autdv Tov TpoTo TN dnpovpyia “AavBaopévwv” Seiktav (stale
indices). H emthoyr) mov akolovBeitat eival va ofrvovTat evTeA®s oL TTpoowpLvoi SeIKTES, OOTE
va anopevyxBei n avénon tng moAvmhokoTnTAG TOL CLOTAHATOC. EmumhAéov, ) Omapén Aemtope-
polG ANpodopiag yla Evay vmtapyovia deiktn dev eival KaBoploTikng onpaciog yia Tov KOpBo
mtov aroOnkevel Ti¢ TAeddeg TG detkTodoTNéVNG TIHNG. ApKel pio aITAN) OHAVOT) TV TIHOV
Tov efval delkTodoTnpEVeS £TOL MOTE va Slaypadovy ot avtioTotyol Seikteg av xpelaotel. Ouwg

O€ QUTNV TNV TEPIMTOT UIopei va Yivouv Kartoleg TAeova{ovoeg evépyeleg yia Tn Staypadr un
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EYKUpwV OEIKTWYV TIOL €XouV Afj€el. Av dpwg dev untdipxouv Tteploptopol 1o dabéoipo amobnkev-
TIKO Xwpo Kat eival TTpoTipdTepn 1 enefepyaocia 0To emninmedo Tou KOUPOL ATIO TNV KATAVAAWOT
evpoug (wvng (bandwidth), tote ot SetktodoTnpéveg TIHEG HTOPODY v GuvodebovTal amd éva
timestamp. Ze autiv v mepintwon, kdbe lookup yia pia detktoSoTnpévn TIHH avavedvel To
TTL kat 0TI dVo TAeVPES TOL deikTn Kal povo ot éykupot deikteg Starypdpovtat 6Tay AapPdvet
xopa pio Aettovpyia mpooappoyng g detktodotnong. Ot 6yelg mov €xovv dnuiovpynBei dev
arroBnkevovy MANpopopia OXETIKA e TIG ToTtoOeoieg TwV SEVTP®V Kal ylor auT6 TO A6YO 0oL Oelg

efval povo soft-state.

4.5 Tlpoocappoyn tng Aeiktodotnong cvppwva pe ta Epotipara

Eva onpavTiko xapaktnploTikd Tov GUOTAHATOG eivarl OTL TPOCSAPHOLEL SUVAHIKK TO eTtimedo
deiktodoTNnOoNG “oTo eminedo Tov KOPPOUL” PAOEL TWV ELOEPXOHEVWV EPWTNHATWY. [l va emtitev-
X0l avto, xpnotpomolovvTatl Kat &AL ot Svo Stadikaoieg Tpooappoyng NG SetkTod6TNONG TTOL
adopovv TNy emhoyr Tou pivot level: Roll-up mpog yevikdtepa emnineda Tng tepapxiog kot drill-
down mpog xapnhotepa emnineda oe oxéon e To pivot level.

H Baoikn 18éa micw and 1 Sxdikacia yix T AjYn TG ammodpaong ylo TNV TpooapHoyn
G detkto8dTNONG PacileTal 0TO YEYOVAG OTL vag KOHBOG elval IKAVOTEPOG VO AVIXVEDOEL AV
n {Atnon yu Tig TipEg evog emmédou ¢ > pivotlevel (émov To pivotlevel cupPolilel To pivot
level g ovykekpipévng tepapyxiog yiax tnv i-tn Sikotaon) eivat LeyallTepn KAl GUVETIOG VA TIPO-
xwpnoel oe pia re-indexing Aettovpyia mpog avtd 1o eminedo. AvtiBéTwg, o KOHPOG avTdg TIPé-
TIEL VX CUVEPYAOTEL e TOVG LITOAOUTOUG KOpPoug Ttou ammofdnkevouy pia Tiun ylo éva emninedo
Lij < pivotlevel ®oTe v aTmoKTACEL pic EVPVTEPN EIKOVA Kal va aTtodpacioet av Oa eival emikep-
dn¢ pia re-indexing Aettovpyia mpog avtd 1o eminedo ota epnAekOpeva dévipa. ¢ ek TovTOU,
évag kOpPog éxel emapkn mAnpodopia yl va armopaocioet edv pia Aettovpyia drill-down Ba ev-
VONOEL TIG TIHEG eVOG G€VTpov. Opwg, oe pia Sadikaoia roll-up mpog éva emtinedo ¢;; < pivotlevel
eUITAéKOVTOL OAOL 0L KO PoL TToL aTTofnKevOLV SEVTPA [E TN CUYKEKPLUEVT TIHT O€ QUTO TO ETTiTTE-
do. H andépaon ya pia mibavr) re-indexing Aettovpyia Aapéavetal cOUPOVA e CTATIOTIKE TTOL
OULAAEYOVTAL OTTO TX ELOEPXOHEVA EPOTHHATA 0T SEVTP TTOL eival btevBLVA yia TNV T PAoEL
G omoiag e€ehixOnke n Stadikaocia ylor TNV eMiALON £VOG EPWTANATOC, GVHPWVA e TN Stadika-
oia tov avavBnke otnv Evotnta B.5. Epocov pepikd epwtripata emdbovTtat katevBeiav oo tov
Koppo mov Statnpei éva Seiktn kat Sev mpowBovvTal mepattépw oTov KOpPo (KOHPOLG) oL aTTo-
Bnevouvy TIg TAEIGDEG, HEPIKT) OTATIOTIKT TTANpOPOpPIa KPATEITAL TTPOCWPLVE KL GTOUG OEIKTEG.
H m\npogopia autr) wbeitat 6Toug KOpHPOULG e TiG TTAELGdEG Kl GUYX@VEVETAL [e TNV TTANPO-
¢popia mov Sixtnpovv avtoi pHohig pia emopevn indexed epwtnon 8e pmopei va emAvel Tomika
Kal XpelaoTel va tpowBnBei oe avtovg. Ta epTApATA TTOL ATTAVTIOVVTAL e TN XPrioN TwV View

identifiers 8¢ cuvumoloyilovTal oTig amopaoelg yia TiG re-indexing Aettovpyieg, dedopévouv 6Tt
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emAvovTal KatevBeiav anod Tov kKopPo mov amrodnkevel Ta view identifiers xwpic va emPapvvouvy
10 KO0TOG enefepyaaniag. O KOPLOG 0TOX0G TTPog emtitevn eivat n ab&non TOV EPOTNUATWV TTOV

emAbovTal wg exact matches oe kaBe Siktaon.

KdBe popa mov avalnteital n tipn pag 86evopikng doung, n avtioTolyn oTATIOTIKY) TTANPO-
popia evnuepOVeTAL, OTIWG Teptypadnke otnv Evotnta B.5. H diadikacia y tnv amodaon piog
nBavng re-indexing Aettovpyiag ptopei va evepyoroinOei petd amo éva indexed epotnua mov
eTAUONKe Xwpic TN Xpnomn evog view mou éxel yivel materialized 1| evédg flood epwtipatog kat
Hovo yia to reference value. Ocov apopd Ta indexed epwtrpata, évag kdupog mov amodnkevet
10 8¢vTpo e TN SetktodoTnpévn Tiun eAEYeL Yl TV avaykatotnta piog re-indexing Aettovpyi-
ag dtav AaPet évav pokaboplopévo aptBpo and indexed epwtipata. Otav Ppebei pia oxetikn
devopikn) Sopny katd tnv emilvon evog flood 1) indexed epwtrpatog, téte N avtioTolxn oTaTl-
oTIKN) TAnpogopia TnG eAéyyxetat Y va Ppebel eqv ovviotdtal pia re-indexing Aettovpyia. Edv
amodaototel 61t anatteital éva drill-down 1} paivetar mbavr) n avdyxn yua éva roll-up, Tote av-
16 10 evexopeVo TTEPINAUPAVETAL OTNV ATIAVTNOT) TOL KOpPoL. Aappdvovtag umtdyn 6Tt OAeg oL
devdpikég Sopég yia to reference value evrtomifovtal, pia re-indexing andépaon efetaleral po-
VO yla QUTHV TNV TIHR Kot OXL Yoo OAeG TIG TIHEG TTOL epmepléxovTal oTo epwtnpa. H Siadika-
ola ylx va artodpaototel eqv cuvioTatal pia re-indexing Aettovpyia exteeital dnwg opilouv ot
a\yopiBpot ov mpotdOnkav otnv Evotnta B.5. IMapdla autd, onuaviikés aAayeég éytvav yia
NV TIPOCUPUOYT TwVv re-indexing Aettovpylov yia Ta dedopéva TOMAAOV SlaoTdoewv AOYw
TV VEV ALt oewy 1oL dnpovpyndnkay amoé tnv vnapén tov links avapeoa otig Siaotdoelg.
Edv pia re-indexing Aettovpyia Sev amatteitat yio éva flood epatnua, 101e 1 povadikn evépyeta
TIOL TTpayHaToToLe(TaL eival ) dnplovpyia Twv soft-state SelkT®v Kot To materialization Twv view

identifiers.

Roll-up: Y& yevikég ypappés, eav évag KOpPog evromioet avénpévn (ATnomn yia KAToLo TIym
TIOL aVTLOTOLXEl 0€ KATTOL0 eTinedo Tévw arto To pivot level, Eekivael T Siadikaoia yia va amtodpa-
oioel edv éva roll-up mpog avto To eminmedo Oa elvat evePYETIKO (EMIKOIVOVAOVTAG [E TOUG LTTOAOL-
TIOUG KOHPOUG TTOL £X0UV TN cuyKeKpLpévn Tipn). [l autov 1o Adyo, o kduPog emonuaivel 6Tov
KOPPO TTOL CUAAEYEL TA ATTOTEAETHATA OTL XpelaleTal va e€eTaoTel To evOeXOHeVo piog mbavrig
roll-up Aetrovpyiag mpog To emninedo mov pwtdtat. Otav o KOuPog coordinator (edv emAveTal
éva flood epwtnua) 1§ o kduPog mov eivat LITELOBLVOC Yl KATTOLO EIKTN EVNHEPWVETAL Y1 TNV
avdykn evog mibavoo roll-up, tote Eekivdel Tn GLANOYN OTATIOTIKAG TTANpodopiag amd Oha Ta
Sévtpa mov mepiéxovvy TV epwtnBeioa Tipr. Katomy, anogpaocilel eqv xpetdletal va ekteleoTel
roll-up kat pia Betikr) amopaon odnyel oTNV enavelcaywyn OAwV TV SEVIPWV e TO KAVOUp-
yto hash value otnv emcdAvyn, eve ta dévipa pe ta ki pivot values Siaxypdpovrat. Kata
didpketa evog roll-up, évag 1) mieploodTepot KOpPoL eloayouv Eavd Ta dE€vTpa TOug, TO oToia Kot-

TaAfyouv 6Tov KOpPo Tov eivat urevBuvog yia To Kavolpyto pivot key. Edv n tipr pe tnv omoia
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Llnked Table

|
‘b2 — ay | Linked Table

N b -
&
Nodgs
Tuples in a local database of Nod;: 0
Primary Dim Dlm1 D:m2 Fact Nod 17

b1 b2) f1
b1 b2) 0 °1 f2
nu// CO c'1) | f3

£"3) .b1b2 null | fy

Exnua 4.9: Avadiopydvwan twv eupavilduevwy Sevdpikav Sopudv the Sidotaoys dimy uerd ané éva roll-
up mpog 7o eninedo £

oxetiCetat To roll-up avrket otnv primary ikotaon, 10Te dAeG ot oXeTIKEG TTAELASEC TTOL PpioKo-
vtat oto local database petagépovtat oto véo koppo. Emiong, kabe kopBog evnuepmvet To root
key yia Ta pivot keys mov mpémel va Staypadotv kat va avTikataotabouv pe to kawvovpyto. Emi-
mAéov, StaypadovTat 6ot ol soft-state SeikTeG TTPOG OTIOLASHTTOTE TLI TTOU TIEPLEXETAL OE AUTH
T 8évtpa. To root key mepipével vae A&Pet piivupa ylo TV evipépwon tng Aiotag twv pivot keys
amtd dAovg Toug KOpPoug mov ouppetéxouy o roll-up Aettovpyia kat peTd avTikablotd To o
Aawd pivot keys kot Toug KOpBoUG pe Ta KatvoLpyla dedopéva. Ev o petal, Ta epwTripaTa TOU
adopovv omotadnmote T Twv SEVIpwV oL cuppeTEXOLY oTn roll-up Aettovyia amavtovTal
artd Toug képPoug Tov eivat vitevBvvol yia Ta Taxhad pivot keys. To untdpxovta view identifiers
TIOV TIEPLEXOLV KATTOLA ATTO aLTEG TIG TipEG Sev emnpedlovTal, dedopévou OTL 1 HETEYKATAOTAON
Twv dévtpwv dev emnpedlel Ta utoloylopéva aggregated facts. To TeAko Prjpa eival n evnpuépw-
on tov links peta&d Tov primary xat Twv secondary SaxtuAidiwv, SeSopévou 61t Ta links mpémel
va givat éykvpa ylao TNV emiAvon HEANOVTIK®V epTpaTwy. Edv pia roll-up Aettovpyio extele-
otel 1o primary 8aktuAidi, TOTE oL eyypadég ota Linked Tables ov mepiéxouvv o mahaid pivot
keys mpémnet va evnuepwbotv. Kabe mieidda ota local databases ammoOnkevel ta pivot levels otig
secondary S0 TAOELG. ZVVETIWG, 0 KOHPOG TToL eivat urtebBLVOG Yl To Kawvovpyto pivot key Ppi-
okel Ta leaf values kat Ta evnpepwvel ylo To Katvovpyto pivot key tov, €10l wote va evipepwBovv
Ta links tpog tn primary Sikotaon. Otav ekteheitat éva roll-up oe éva secondary Saktulidi, 1dte
Ta avTioTot o pivot levels Twv mietddwv oL TEPLEXOLY TO Katvovpylo pivot key mpérmet kot avtd
va evnpepwBouv. [a avtoév To Adyo, o KOuPog Tov eivat vtevBVVog ylo Tar véa SévTpa oTéNvEL

T0 pivot level o€ dha Ta links mpog 1 primary dikotaon.
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210 EZxnpa B9, 1o anotéheopa piog roll-up Aettovpyioag mpog 1o £y 1o secondary SakTuAidL
™G dim; avarnaplotatat. Ta epmiekdpeva Sévtpa mov amoBnkevouvy v Tipn by TIpLv TNV ekTé-
Aeon tov roll-up ¢paivovtal o1o Exnua f.4. Eotw 61t éva indexed epodtnpa yiax v Tiun bg Sivel
10 évavopa yia pia roll-up Aettovpyia oL €XeL WG ATTOTEAECHA TNV ETTAVEIOAYWYT) TV JEVIPWV
ue pivot keys by ko b avtiotoixwg. O kopBog mov eivat viebBuvog yia To véo pivot key by evn-
HEPOVEL €TTiONG TOV KOpPo 1oL eival vtevBuvog yla To primary key as 611 To Kawvovpyto pivot
level yia 0Aeg T1g mAeladeg ov mepiéxovy TNV TN by o1 didotacn dim; eivat 1o £o.

Drill-down: H Siadikaoia tov drill-down eivat Atydtepo moAbmAokn, Adyw TOL YeyovoTog
OTL HOVO évag KOpPog amodnkelel To SEvTpo e TIG CLYKEKPIHEVES TIHEG Yl aUTO To emtimedo.
ZUHTTEPACHATIKE, 0 KOUPOG TTOL aTTAVTAEL TO EPAOTNUA UITOPEL VX ATTOPACITEL TOTIKA €AV XPELX-
Cetat kdmroto drill-down kat va TTpoxwprioeL 0TNV eKTENEDT) TWV TTALTOVHEV®OV EVEPYEIWV. X1
OLVEXELQ, LETATPETTEL TO OEVTPO O€ TTAELASEG TTOL OUAOOTIOOVVTAL PACEL TWV KAVOUPYLWV pivot
keys kat ta eloqyet Eava oto LinkedPeers. Le miepintwon mov 1 Tipn Pdoet Tng omoiag yivetat To
drill-down avrket otnv primary Stdotaon, ot mAeddeg armo 1o local database petadépovrat Kat
AUTEG 0TOUG KOHPOLG oL eivat urtevBuvol yla ta véa pivot keys. MOAIG odokAnpwBei ) elcaywyn
TV OXETIKWV OEVTPWYV, 0 KOPPOG TToL eivat umtebBuvog yia o mahatd pivot key evnpepmvel emiong
10 root key oxeTika pe Ta Kawvovpyla pivot keys kot Tig véeg TommoBecieg Twv §évtpwv. Ot vmdp-
xovteg deikteg pog avtd Ta dévtpa oPrvovtat. Téog, o kdpPog mov amogaotoe To drill-down

evnuepwvel ta links pe Ti¢ aleg Staotdoelg OmwG Teplypadnke Kat yiax T roll-up Siadikaocia.

— " - g

Tuples in a local database of Nodz:

Nod s o Nodfb Primary Dim I Dim, I Dim, IFact
/ ap.aq,an@" null colc' f.
Tuples in a local database of Nod5: (@pa 2 1) 3

Tuples in a local database of Nod4:
Primary Dim Dim4 Dimy  Fact

f
4 (ap-aq.agag)] | (bdgbrp2)| (Cof1)| f1
(ag.aq.ag.az)| | (bg.bq.0'2)] [(coic'1} f2

Ixfua 4.10: Avadiopydvooy twv eppavilopevov Sevdpikov Souwv kai twv local databases tn¢ primary
dudotaons perd and éva drill-down mpog to emimedo L5

Primary Dim I Dimy I Dimy IFact

(@agar.a2fa’g) | (o p'qp"2)

null

To Zxrpa B.I0 mapovoialet Ty tomoB€tnon Twv mietddwv oty primary S1doTacn HeTA oo
pio Aettovpyia drill-down mpog 1o emninedo €3 Tov dévtpou pe To pivot key az mov ¢paivetal oto

Zxnuo B4 Eva flood epdytnpa yia tnv Tipr a3 Oa katoknel otov kOpPo mov eivat uevBuvog yia
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710 pivot key a2 kat Ba anoteléoel To Evavoua ylo va artopactotel eav xpetaletal éva drill-down
nipog o eminedo 3. Eav amogaototel To drill-down, o kopPog avtdg etodyetl Eava Tig mAelddeg
TOU GUYKEKPLUEVOL GEVTPOUL pe Ta KatvoLpyla pivot keys as, ai ko ay avtiotoixwg. O ovykekpt-
Hévog KOpPog evnpepmvel ertiong to root key ag yua ta katvovpyta pivot keys kat ta pivot keys
Twv secondary Slaotdoewv He T omoio Stacvvdéetal. [ia mapadetypa, n eyypagn ba — az 1o
Linked Table tov pivot key by avtikaBiotatat topa pe Ty eyypadr by — as.
Group-Drill-down: Otav e€etdletal 1o evdexopevo evog roll-up yla éva eminedo mavw amod
To pivot level, ToTe Siepevvdtal edv éva drill-down Twv epmiekopevey §évtpwv oto eninedo l;; >
MaxPivotLevel evSeikvutal. Eivou mbavo va SamiotwBel 611 éva emtimedo £ > MaxPivotLevel
efvat 1o 1o SnNHOPIAEG, Ve avTr) 1) TdoT Sev eixe SlamoTwOel 0TI HEPIKEG OYELG TV EUTTAEKO-
HEVWV JEVTPWV Kal TO YEYovOs auTtd Ta amétpeye va ektedécouvy éva drill-down mpog avtd 1o
eninedo. H Siadikaoia avtr) Koheitat Group-Drill-down, dedopévou dtt molarrhoi kKOpPot oup-
petéxouv oto drill-down. Ola ta §évtpa pe TNV TIun mov pwtrnke ektelovv drill-down mpog
10 Kawvovpylo pivot level. E&v to katvovpylo pivot level eivat ico pe to MaxPivotLevel, Ta ov-

yKekplpéva dévipa mapapévouy ae auTo To enimedo.

4.6 Tlewpapatikn A§loloynon

4.6.1 Ileprypadr Tov ZvoTHHATOG

To mpotevopevo ocvotnpa atoloynbnke melpapatikd vro diddpopeg ouvOrkes. H amddoon
TOU CLOTHHATOG HeAeTONKe Oe pia LAOTIOINOT TOL CLOTARATOC, OTTOL 1 ToTToAOYia Kot 1) SIKTLA-
K1) ETKOVWV{X AVAHESH OTOUG KOUPOUG £YLVE [e TN XPHOT) TOL eEOHOLWTH TTOL TTAPEXETAL ATTO TO
FreePastry [Fre], av kat omoiaxdrimote DHT vhomoinon propei va xpnotpomnoinOei. To Siktvo ava-
popag amoteheitat amd 256 KOHPOUG, OTTOL 0TTOLOCONTTIOTE ATIO AVTOVG UITopEl va eTtieyel Tuxaia
ytoe TV évapén KAToLag epwTnomng.

Ta ouvBetika Sedopéva mov xpnotpomnolovvtal eivat Sévipa (Stapopetika yia kabe didota-
on), 61oL K&Be T €xel éva HOVadIKO TIPOYOVO GTO TIponyoLevo eminedo Kat Evav otabepd
aplBpo arnd mul anoydvous 610 apéows Xauniotepo eninedo. Ot eloayopeves TAELGOES (e TL-
HEG Ylar OAeG TIG SlAOTAOELG ONptovpyolVTaL aTto cLuVSLAGHOUG TwV leaf values Twv dévipwv Tng
kaBe didotaong kat meptéxouvv Kat éva numerical fact. E€ oplopo, Ta dedopéva mmov elodryovtal
oTo ovoTnua aotelovvTal artd 1M mAetadeg Tov epAXPAEVOLV TIHES Vi TEoTEPLS SloTATELG
He tepapyieg Twv Tplwv emmédwv. O aplipdg Twv Slakplt@v TGV 0To LYNAOTEPO eminedo eival
base = 100 pe mul=10. To emninedo mov xprowpornoteital apxikd g pivot level eivat 1o €1 o€ dNeg
116 Staotdoels. [a Ta poptia epwTNUET®V akolovBeital pia Tpocéyylon TPV PNHATwV: ApXIK&
eMAEYETAL TO HEPOG TNG APXIKNG P&ong TTov B otoxevoel To epwtnpa (TupleDist). 1 cuvé-

xeto, N mavoTnTa Yl pia Sikotaon vo pny éxet Tipn (SnAadn va éxet Ty *’-Tiur oto avtiotot o
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epwTNUa) eivat Py,. TéNog, yia Tig SlaoTdoelg mov pwtiovvTal emAéyeTal To eninedo mov O aT1o-
XEVOEL N epWTNON OVHPwWVA He TN levelDist Katavopn. Z1a TEPEpHATA TTOL TTapovotalovtal, 0
TIOAWON TV GpopTiny akoAovBel opotopopdn, 80/20 kat 90/10 katavopn yix to TupleDist kat To

levelDist, evey to Py, av€dvetal Pabuiaia amé 0.1 otnv primary didotaon oe 0.8 o1nv televtaio
query

Swkotaon. Ta epwtrparta TopdyovTal pe péco puduo 1 e O€ OLVOAIKO XpOvo efopoinong
mov toovTal pe 50k time units.

O Baokdg 0TOX0G TNG CUYKEKPLUEVNG EVOTNTAG eival va peketnBel n anddoaor Tov cLOTHUA-
T0G Yl SlapopeTIkovG TUTTOUG SeSOopEVROV Kal GpopTiwV epwTNUATWY. Ta TelpapaTiké armoTeré-
OHATA ETKEVTPOVOVTOL OTO precision mouv emitvyxdvetat (dnAadr 010 10000Td TWV EPWTNHA-
TV IOV emAbovTal Xwpig va yivouv flood) Kat 010 KOOTOG EMIALONG TOVG WG TTPOG T UNVUHATA

ava EpWTNHA.

4.6.2 Me)étn TG At6d001G TOL ZUoTHHATOG Yix AladopeTikd AptOud Alaotdoe-
v kot Emmnédwv

ZTNV Tp®TN OUASA TTELPAHATOV HEAETATAL ) CUHITEPLPOPE TOL CLOTHHATOC Yia Sedopéva Tov
amtotelobvTaL aTto StapopeTikd apldud dinotdoewy 1 yiax Sedopéva tov akolovBovv tepapyieg
pe StapopeTikd aplOuod enmédwyv. Ta epoTHHATH OTOXEVOUV OpOLOpHopda omtotadnmoTe TAeLkda
eTti TOL OLVOAOL TwV 8edopEVWY Kal oTTol0dNTTOTE eTTiMEdO TWV Llepapxlav oe kdbe didoTtao).

Kot tnv ektéAeon TG mpaTNG OpHAduG TEPAUATOV, 0 aplOpog Twv SlaoTaoewv HeTAPAANe-
TaL, eve kabe Sikotaon amoteheital amnd pia tepapyia pe tpia emimeda. To Zxrpo f.I1 emudeikviet
TO T0C00 T TWV EPWTNHATWY TOL GLVOALKOD GOopTiOL TTOL TTEPIAAUPAVOLY TOVAKXLIOTOV éva pivot
value (1tov oupPoliletal wg Pivot Level Queries) Kot TO TTOOOOTO T®WV EPWTNHATWY TTOU ETIAD-
Bnkav wg exact match (mov oupPoliletat wg Exact Match). Emiong emdeikvietal kat 1o precision
TIOU KATOYPAPNKE KATA TNV EKTEAEDT) TV POPTIOV EPOTNUATWV KAL TO OTIOI0 TIAPAHEVEL TIAVK
amtd 85% yia GAovg Toug TOTIOVG TwV dedopévwv avedptnta and Tov apldpd Twv diaotdoewy.
Ta epotrpata mov dev KatevBOvovTal oe TIEG Twv pivot levels emlbovtat pe 1 xprion Setktodv
1 LAOTIOINHEVWV OPEWV SLaTNpOVTHG TO TTOCOOTO TOL precision vYnAod. H Stadopd petadd tov
exact match epTNUATOV KAl TWV EPWTNUATOV TIOL TIEPLEXOVY TOUAAXLOTOV {iot TIUN TTOL aViKEL
oe pivot level opeiletal 010 yeyovdg 0TI oOpP@VA He TN OTpaTNYIKT TToL akolovBeital yior TV
eMiALOT) TWV EPWTNUATOV elval TTPOTIHOTEPO VA XpnotlpottonBel évag Seiktng pioag didotaong e
vYnAdTEPN TIPOTEPALOTNTA TIOLPA VX GLVEXLOTEL 1) TTpooTiabela eVTOTILOUOV €VOG pivot value 0Tig
S0 TdoELG e XAUNAOTEPEG TIPOTEPALOTNTEG.

210 Zxnpa mapovotalovial Ta armoteréopata yia dedopéva e TEooeplg SIKOTATELG Kol
HeTaPANTO aplBuo emumédwv Yl TIS tepapxieg Twv Staotdoewy. H peiwon oto precision mov ma-
patnpeitat (a6 99% ewg 70%) ogpeiletat 0To Yeyovog OTL 1) abnon Twv eMTESwV €XEL APVNTIKO

avtiktuno otnv mbavétnta vor Tebei éva ep@Tnpa TOL TIEPAApBAVEL [ia TIHH TTOL OVTIOTOLXEL
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70+
60—
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percentage
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10+ |

0

Number of Dimensions

Exfiua 4.11: Tlooootd oxeTikd pe TOV TPOTTO ETAVING TWV EPOTHUATOV Yiar SiapopeTiko apiBud Siaord-
oewy, eve ya kdbe didotaoy Oewpeitar pia tepapyia Tpidv emmédwv

oto pivot level kamotag didotaong. I avtdv 10 AdYO, HELOVETAL TO TTOCOOTO TV Pivot Level
Queries Kol ovTIOTOLXX KAL TO TTOCOOTO TwWV Exact Match epwTnUATWYV, OTTWG daiveTal Kot 0TO
Zxnua I3 H avénon tov enumédwv ennpedlet emMiong KaL TNV €MEPWTNOTN TIHOV TIOL eivat 10N
deiktodotnpéveg. [ta autd 10 AdYO, N atokALoN peTaD TwV Pivot Level Queries Kal TwV Exact
Match epWTNUATWV eival pHeyallTepn, OTav oL lepapyieg éxouv o emimeda, 6OV OAX TA EPWTH-
HaTa TTOL TIEPIAAUPAVOLY TR 0TV primary StoTaon emADOVTAL E(TE [ TN Xprion Tou pivot key
elte pe Tn xprjon Tov root index 6TIWG LTTALYOPEVEL N CTPATNYLIKT YLt TNV ETIAVOT TWV EPWTNHATWV.

100 [ T x : =
r =51 Pivot Level Queries
90+ Exact Match

+ BB Precision
80 —

70+
60 |
50 |

percentage

40
30
20
10—

0

2 3 4
Number of Levels

Sxfiua 4.12: IToooord oxeTiKd pe TOV TPOTI0 ETTIAVTHG TV EPWTHUATWY EVOS PopTLov Sedouévwy TeEdodpOY
Saotdoewy, eve 0 apilOucs Twv emmédwy yia TG tepapyies Tn¢ kabe didoTaons uetafdlleral
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4.6.3 Melétn tov Tpomov Emidvong Epotnuatev yia Atadopetikotg Tomouvg Xv-
VoAV Aedopévav

1o meipapa tov Xxnipartog f.I3 mapovotdletal To precision mov emtuyxdvetal yia didpo-
poug TUTIOVG oLVOAWV Sedopévwv. O aplBpds Twv SlakpLT®V TIHGOVY 0To LYNASTEPO eTimedo TwV
SévTpwv base Kat 0 aplBuds Twv aoydvev ToU apEows XapnAOTePOL TS0V mul petafal-
Aetal, wote va Snpovpyovvtat cUvola Sedopévmv pe Stadopetikn mukvoTnTa. Ta base Kat mul
ennpedalouvv Tig ovvdéoelg petald Tng primary Kat Twv secondary Sla0TACEWY, TOV aplOpd TV
Slakplt®V TIH®V o€ K&Oe emimedo Kal GUVENWG TNV TTUKVOTNTA TOL GLVOIOL Sedopévwy. Onwg
¢aivetat oto Zxfipa f.I3, n av€non touv mul emipépet pia peiwon Tov precision. Mia mapdpota
Taon mapatnpeitat kat yia Ta dedopéva mou €xovv mapoayOel pe Ty St Tipr yior Ty mapapeTpo
mul, AN SLXPOPETIKEG TIHEG Yia TO base. [Tapola avtd, 1o LinkedPeers katadépvel va emADOEL

NV MAeloYndia TV epOTNHATWV Xwpi§ va xpelaotel va yivel flooding.

base=10 ||
base=50

100 base=100

Bl

base=200

80

precision(%)

20

10 20 50
mul

Ixnua 4.13: Enidpacy twv mapapsTpev mul KoL base 0TO precision mov EMITUY XAVETAL

To moco0Td Twv exact match epwtnpdTwv otnv primary Sitdotaon (Exact_PR) TTapapével
otaBepd yia OAa Ta aOvola Sedopévmv Omwg dpaivetal oto Zxfiua .14, dedopévov o1t e€apta-
TaL aTto 10 popTio epwTNHATWV. Q0TO00, Ta exact match epwtuata oTig secondary SlAOTACELG
(Exact_SR) av€dvouv 600 Ta indexed epwTipata pHetwvovTtat. AUTO 0peileTal GTO YEYOVOG OTL OL
deikteg TG primary didotaong alomolovvTal AlydTePO KAl TTEPLOCOTEPA EPOTHUATA ETADOVTAL

ota secondary SakTtulidia.
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‘ "7 TG o Exact_PR(base=10)

100~ m-m Exact_SR(base=10) ||

L o Indexed(base=10) H

col- =k Exact_PR(base=100) ||

»—x Exact_SR(base=100)

® F +—+ Indexed(base=100) H
&0
<

= 60— —
(]

Q [ 4
)

= 40 .

i 3 H# S

20— I

1 l 1 l 1 l
0 2 5 10 20 50
mul

Yxfua 4.14: [Tooootd mov avTioToL el OTOUS TPOTTOVS ETEAVONG TV EPWTHUATWY Yl StapopeTikd dedo-
uéva

4.6.4 Melétn G Anddoong Tovg Xvotnpatog yia ITodepéva @optia Epotnua-
TV

H mpoocappootikn) ovunepipopd Tov LinkedPeers peletdtal oTa akolovba melpapota o
EKTENEOTNKAV Yl OLApopa GpopTia epOTNHATWY TTOL aKOAOLBOVV eiTe opoLdOHOpPES €iTe TTOA®-
HEVEG KaTOVOHEG. TTio OLYKEKPIHEVQ, 1) TIPOTN OUASH TTEPAUATOV apopd PopTiot EPWTNHATWY
ToAwpEVA TTPOG Tar LYNAOTEPQ emtimeda Twv tepapylwv Yl didpopa TupleDist. O aplOpog Twv
EPWTNHATWYV TTOVL KaTevBVveTal o kK&Oe emnimedo e€aptdral and Tnv T tov levelDist. Ta arto-
TENEOUATA QUTOV TV TIEPAHATOV TTapovotalovtal 1o Zxfipa E.I5 Kal enkevipwvovTal 6To
precision Kal 0T0 TOCOOTO TwV Exact Match epoTNHATWV TOL emitevXOnKe. Xe autd TO ZXN)-
Ha TTEpIAAUPAVOVTAL ETTIONG TX TTOCOOTH TWV EPWTNHATWY TTOL TTEPLEXOVY TOLAGXLOTOV Hix TLUN)
o1o {p Kot TOVAGXLoTOV pia Tipf oTo €1, Ta omoia cUHPoAIfovTal pe Queries_LO Kot Queries_L1
avtiotoixws. Ooo meplocdtepo avédvetal n MOAwor), 1600 peyohvtepo yivetat (oxedov 100%)
TO precision ov MapaATHPEITAL XTo TOAWHEVA POPTIX, TO TTOCOOTO TWV EPWTNHATWY TTOL CUH-
PolilovTal pe Queries_LO gival ONHAVTIKA HEYXADTEPO ATIO TO TTOOOOTO TWV EPOTNHUATWV TTOU
ovppolilovTal pe Queries_L1, Kat yta avTd T0 AdY0 glvat EDKOAOTEPO Yot TO CUOTNHA VA AXTTOPOL-
oloel TNV ekTéleon TV anapaitntwy roll-up Siadikactwv tpog 1o eninedo £y oe K&be didoTao.
‘Etol, akopa kat av n emhoyr) Tov emédou €1 dev eivat n KATEGAANAN yia TNV emiAvon Tov pwTn-
HATWV Xwpig va TpowBnBolv e GAoug TouG KOHBOUE TOL CUOTAUATOG, TO CUOTNUA KATAPEPVEL
va TTpocappdoel KATEAANAX Ta eMineda TV LEPAPXLOV TTOL PWTIOVVTOL KAL VX QITOVTHOEL éva
HEYGAO HEPOG TWV EPWTNUATOV G exact match epotiuata (cupPolifovtal wg Exact Match),

atodeIKVOOVTAG TNV AITOTEAECHATIKOTNTA TV AELTOVPYLOV re-indexing.
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[] Queries_LO T T T T

B3 Queries_L1 _
Exact Match |—
= R

Precision

100

percentage

/20) (80/20,80/20) (UNI,
(TupleDist,LevelDist)

(UNI,

Yxfiua 4.15: Precision kau exact match epoTHUATA Yio TOAWUEVE GOPTIX EPOTHUATWV TTPOG T VYHALTEPA
emimeda Twv tepapyiv Kat yia Sidkpopouvs cvvdvaouots (TupleDist,levelDist)

To Exnpa .16 anekoviet o avtioToKa amoteAéopata, OTav T0 popTio EPWTNHUATWY ELVO-
el Ta xapunAotepa emineda Twv lepapxlov. Xt poptior oL €XouV TO (810 TupleDist oA eival
TIEPLOCOTEPO TTOAWUEVA WG TIPOG TO levelDist apatnpeital pia peiwor Tov precision. Auté odei-
AeTAL OTO YEYOVOG OTL TA XAUNAOTEPQ ETMITIES A TWV LEPAPKLAOV EXOVV VO CNHAVTIKA HEYOADTEPO
aplOpo Tipav. Oco av€dvet 0 aplOpdS TWV EPWTNHATWY TTPOGS AVTEG TIG TLHES, avEdvel Kot ) mba-
votnTa NG avalntnong piag un detktodotnpévng TIHAG atd éva ep@TNHA, HEXPL Ol HNXAVIOHOL
TIPOoApHOYNG TNG detkToddTNONG va Tpocappocovy Ta pivot levels Twv Snpopilav §évipwy Ka-
TN

T
Queries_L1

Queries_L2 =
Exact Match
Precision

100~

HEE ]

percentage

N

(UNL80/20)  (80/20,80/20) (UNL90/10)  (90/10,90/10)
(TupleDist,LevelDist)

Sxfpa 4.16: Precision kat exact match epoTHUATA yLo TOAWUEVA POPTIX EPWTHUATWY TIPOS TA XAUNASTEPA
enmimeda TV tepapyLav ka yia Sidgopouvs ovvdvaouois (TupleDist,levelDist)



4.6. Tlewpapatiky A€oldynon 265

4.6.5 Melén g Xpnong tov Mepikov Materialization

Ex166 and 11 Aettovpyieg re-indexing, ot cuvSvacpoi Tip@v mov €xouvv yivel materialized
HITOpOLV va xpnotporolnfolv yia Ty eAXXLOTOTO(NOoT TOL KOOTOVG TWV EPWTNHATMV. XTO €O~
HEVO TIElpapa, N TTIPOGEYYLOT) AUTH EAEYXETAL YL GOPTIX EPOTNHATWY TTOL OTOXEVOLV Tar Sedopéva
elte opoldpopda eite modwpéva (90/10) doov apopa to (TupleDist) kaw avtioTorxa Ta LYNAOTEPA
emnineda (cupPoAileTal pe UP) kal Ta xapnAdtepa emimeda (DOWN).

Onwg ¢paivetal 610 Zxipa .17, 10 T0600TO TV EPWTNUATWY OV ETMADOVTAL [E TN XPHoN
evog oLVOLAOHOL ToU éxel Yivel materialized (ViewQ) avEavetal ylax Ta popTiot EPOTNUATWV TTOL
éxouv 1o (010 levelDist al\& to TupleDist eivar 90/10 oe oUykplon pe avtd mov 1o TupleDist
efvat UNL Avtr) n) ovprnepipopd opeiletal 010 €€MG YEYOVOG: €4V éva HEPOG TOL TUVOAOL TWV
dedopévav potatal Kupiwg, TdTe avfdvetal kat n mBavotnTa va epwtndei éva cuvdvaoudg oL
éxel yivel materialized. Zuvenag, meploodTepa epOTHUATA ETMAVOVIAL HE TN XPHON ALTOV TV
ovvovaop®v. EmmAéov, To 10000Td avaKTNOoNG piag andvtnong amnd évav amodnkevpévo ouv-
Svaopo eivat vynhdtepo otav 1o levelDist eivat opoldpopPpo (UNI). Ze auTryv TNV TEPITTWOT), Ol
unxaviopoi re-indexing 8ev propovv va mpoocappocovv ta pivot levels katdAAn\a ota eloep-

xopeva epotipata Kal Ta indexed epwtipata eivatl ouxvotepa av€dvovtag Tn Xpron Twv view

identifiers.

100 T T T —
I © Indexed (base=100) ]
80| A ViewQ (base=100) |
H x Indexed (base=10) g
[ * ViewQ (base=10) ]
& 60+ x i
8 H ® i
L O 4
E 40 B % * x
L * (€] 1
L A ,
20 * -
r A ® 4
L ® * Q A 4
L% \ ! ¥ | L
(UNLUP) (UNLUNI) (UNLDOWN) (90/10,UP) (90/10,UNI) (90/10,DOWN)

(TupleDist,LevelDist)

Xxnua 4.17: Xprion tov cuvdvaouadv mov Eyovy yiver materialized ge aOyKpLon Ue Ta EPOTHUATA TTOV
emAbovral w¢ indexed

To Zxnpa f.1§ napovotdlel Tov TpOTIO e TOV OTT0{0 EMAVOVTAL TO EPWTHHATA KATA TN Stdp-
Kela NG e€opoiwong ylo To poptio epatnuaT®wy Tov Xxipatog f.I7, To omoio oToxevel Kupiwg
€VO CUYKEKPLUEVO HEPOG TOL GUVONOL TwV Sedopévmv A& opotopopda OAa Ta emimeda Tng Le-
papxiag. O cuVOAIKOG aplBpdg TwV epwTNHATWY avépxeTal oe 100K Kal TO TOCOOTO TV EpWTN-

H&TwV oL eTAVETaL e TN Xprjom view identifiers 6e cuvumtohoyileTal 6To T0000TO TwV indexed
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epoTnpaTwV. ITapatnpeital 6TL N Xxpron tv view identifiers avfavel oo mepvdel o xpdvog Ka

Ayotepa epotnpata xpetdletat va mpowdnbovv and toug deikteg.

50

[59)
(=1

18]
=]
T

10—

I
401t
\

percentage

|l |— Exact Matches] T T 777 -=-]
— - Indexed
- = Views -
-+ Flood

T e ey ‘ ........... ‘ ........... ‘ Peerqrenee ‘ ..........

0 20000 40000 60000 80000 100000

Sxfiua 4.18: Tpémog emiAvons Twv EPOTHUATWY KATd TH SIAPKELX TOV XPOVOU UE EUPATH OTA EPOTHUXTA
IOV XpHOpoTIowUY view identifiers mov éxovv yiver materialized ko ot indexed spwthpaTa mov mMPOW-

Bovvrau

4.6.6 Melétn tov Kootoug Aldpopwv Tponwv Enidvong Epwtnuatev

To K60TOG EVOG EpWTARATOG LTTONOYIlETAL WG TO KOOTOG TWV HNVUHAT®WV TIOL Xpel&ieTal va

ekdoBolVv yla Tnv emidvon tov. Eva epotnpa mov emlvetat wg exact match ot primary didota-

Time(time_unit)

on amattei povo tnv ektéleon tov DHT lookup pnxaviopov.

200

150

Avg. Msgs
g

50

Ixnua 4.19: Méoog apibudc unvupudrov yia ta exact match epothuata ota secondary SakTvAidia kau yia

Ta indexed epwrhpaTa

To Zxnua .19 mapiotdvel to péco aptOpod pHnvupdtwy pévo yla ta exact match epotipata

mrov emALONKav oe secondary SloTaoELG (Exact_SR), eve Tpémel va AngOei vtdyn 6Tt 0 aptOpog

A Exact_SR (base=100)
A Indexed (base=100)
A % Exact_SR (base=10) |A

| x Indexed (base=10) N
L A A —
L * |
®
L N @ * E3 |
®
L @ 4
X
X
! ! ¥ X
(UNLUP)  (UNLUNI) (UNLDOWN) (90/10,UP) (90/10,UNI) (90/10,DOWN)
(TupleDist,LevelDist)
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TOUG EIVAL ONUAVTIKA HIKPOTEPOG (AlydTEPO aTt6 20% TWV EPOTNHATOV 0€ ONEG TIG TIEPUTTOOEL),
Kal yta Ta indexed epotrpata (Indexed). O péoog aplBpdg Twv UNVUHATWY Yl To Exact_SR e€ap-
T&TAL a6 TOV TUTO TV Sedopévmv, Sniadr amd tov aptdud Twv links petad Twv secondary
pivot keys kat twv primary pivot keys. Otav 10 ¢popTio epOTNUATOV glval TOAWUEVO TIPOG TA
vynAotepa emineda (UP), TOTE T UNVOHATA HELOVOVTAL, YIXTL Ta dnpodihéotepa SEVIpa £XOLV
ekteléoel roll-up mpog to eminmedo £y. Zuvenmg, Ta secondary keys cvvdéovTal pe éva LIKpOTEPO

aptOud amnd primary keys. H avtifetn mapatrpnon toxvet yio tor (DOWN) GpopTia ep@TNHATOV.

4.6.7 Melérn 1ng Amodoong Tov Tvotiuarog yia Aedopéva tov APB benchmark

Hrnpooappootikdtnta 1oL cuoThpatog dokipdleTal emtiong Kot o€ pioa GAAN Katnyopia pory-
Hatikwv dedopévmv. Ia avtd 1o Adyo, XpnotporotOnkay ¢popTio EpWTNUATWV TTOL TTPOEPXOVTAL
anté 1o APB-1 benchmark [apb]. To APB-1 dnpiovpyei pia Sopr) Pdong dedopévwv pe moa-
TIAEG OLAOTAOELG KAl TTAPAYEL €va CUVONO OTTO ETIXELPTOLAKEG AELTOVPYIEG TTOL ALVTLITPOCWITEVOLY
™ AettovpykotTnTa Twv OLAP epappoywv. Ta mapaydpeva dedopéva meptypdpovial amod 1éo-
oepig daotdoelg. H Siaotaon customer (C) éxet 100 ¢popég Ta péAn tng Staotaong channel kat
armtoteheital and 2 enineda. H didotaon channel (Ch) éxet éva emimedo kot 10 péhn. H Sikotaon
product (P) eivat pia tepapyia pe 6 enimeda kat 10.000 péin. Télog n didotaon time (T) mept-
ypadetal aro pio tepapyia 3 emumédwv Kat amoteleitat amo Tig TIpéS yia Svo xpdvia. To avolo

Twv dedopévwv eivat apatod (0.1 mukvotnta) Kot atoteAeital amd 1.3M mhelddeg.

o[- @ f Ps o
| - A Exact_PR| |
m Exact_SR
80— m |® Precision [
ol i
2 e0F |
g m
Q A
Q
Q. 40+ _
20+ A -
A
0 | ‘* | |
ChCPT PCChT TPCCh CPChT

Sxnpa 4.20: To precision Tov LinkedPeers yix 1o APB ¢optio epwtnpdrev

To Zxrjpa B.20 mepiéxel amote éopata Yl To T0000TO TV exact match epoTnuaTwV MOV
emAvovTal oTa primary Kat secondary SaktuAidiax oe oVYKplon pe To exact match epwtipata
evog poptiov 25K epwtnpdtov Kat Yo StapopeTikolg cLVOLATHOVGS TwV dlaoTdoewy. Tl dhovg
ToLG cUVSVLAGHOUG, To precision Twv non-flooded epwtTnudTwy Eemepviel To 98%. H emmhoyr) ¢
didotaong mov Ba xpnotporoinBei wg primary Sikotaon ennppealet Tov aplBud Twv exact match

EPWTNUATWV 0TO primary SakTuAidt.
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To Exnpa 21 mapovotdlel To péco aplOpod Twv HNVUHATOVY yia Ta exact match epwtipa-
Ta 7TV eMAVONKaY aTtod éva secondary SakTuidt kat Twv indexed epwtnudTwy. H enilvon tov
exact match epwtnpdtwv oto primary ring amnaitel pévo tnv ektéheon evog DHT lookup. O
HECOG aplOHOG TV HNVUHATWYV elval HIKPAG TOOO yia Ta exact 600 Kat yia T indexed epwTipa-
Ta, EKTOG a6 TNV TepinmTwor dmov n dikotaon customer éxel emlexOei wg primary Siotaon.
211G UTIONOLITEG TIEPUTTMOELG, 1) EMIAVOT) TOV EPOTNHATWY aTalTel TIOAD HIKPO KOOTOG, SnAadn
0 aplOuog Twv emmpOoHeTwV KOUPWV TTOL TIPETIEL VU EMIOKEPTEL EVOL EPAOTNHA EIVAL HIKPOG, AV
Kal n mieloynoia Twv exact match epotnuaTwy emiveTal and pia secondary SikoTaon, 6mwg
¢aivetat oto Zxfipa f.20. H avénon tov pnvopdtev yia to CPChT cuvdvaoud odeiletat 610
HeY&AO aplOpd Twv SIAKPLTOV TIH®V TTOL Xpholpomolovvtal g pivot keys kat emopévwg kabe
KOHPOG eival vrtevBuvog Yl pikpdTEPa HEPT TwV GUVOMK®WY Sedopévwy oTo local database Tov.
Tar 6Aovg Toug ouvdvacuovg, N emPdpuvon and Tig ennpocbeteg dopég detktodoTNONG TTIOL
dnpiovpyovvtal oto LinkedPeers, 6nwg ot devpiiég Sopég, T root indices, ta links kat n ota-
TIOTIKH TIANpodopia avépyetal péxpt To 1% emi Tov cuvoAikol dykov. Etot To ovunépaoua mov
TipoKUTTEL elval OTL TO LinkedPeers pmopel va Oewpn et wg pio ehapié Avom yio tn detktoddTnon

TOALSLAOTATWV, LepapXIK®V deSopévwy.

I | & Exact_SR ]

O Indexed
150 -

Avg. Msgs
g
T
!

50~ —

ChCPT PCChT TPCCh CPChT

Exfipa 4.21: Méoog apiOuds unvoudrwy yia exact match xau indexed epotripara
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4.7 To Iapaderypa tov Ataovvdedepévov Aedopévav

H é\evon touv Znpactoloyikov Iotov (Semantic Web) [Sem] éxet emipéper onuavtikég ee-
Ai€eig otnv évvola Tov “Web of Data’, nhadr) otnv mpoonabeia yax evomoinon kat StacvvSe-
on SwpopeTikwv dedopévmwv Kal TwV TEPLypadPOV TOUG pe 0TOX0 va StevkohvvBei n dnuiovpyia
amtoBnkwv dedopévav 610 AladikTuo, Ae§IKwV Kat Kavovey yla To Xetplopd Touvg. H Staxeipion
dedopévmv oe Too0 peydhn KAipaka 6co vtodniavetatl atd Ti§ epappoyEg Tov AladiKkTOoU OéTel
KATToLEG eVOLNPEPOLOEC TIPOKANOELG, TTOL TIPOKUTITOLY KUPIKG AOYw TOL HeYdAoL OyKOL TwV Se-
dopévav Kat TNG ENEWPNG AVOTNPKOGS OPLOUEVOY OXNHUATOV TTOL akoAovBovvTal atd OAeg TIG TIn-
Y£c Sedopévmv. O Televtaiog MapayovTag arrotelel eUtodIo ylor TNV ENAVAYPNOLUOTION T TV
dedopévmv, Aoyw Touv yeyovoTog OTL Tar Sidipopar epyadeia HITOPOVV VA XELPLOTOVY KAl VO ETTOVOL-
XPNOLHOTIO 00UV e HeYXADTEPT ETUTUXIO KAVOVIKEG KAl KAA®WG 0pLopéveg Sopég. [a va Eemepa-
otel n éNetyn piag yeviknig Sopnc, diadopeTikég Siemadég avantvocovtal yia kabe exwplotn
ninyn) dedopévamv. ITapola avtd, n MOAVTAOKOTNTA AUTAG TNG AVONG eptodilet Tig StadiKTLaKESG
ePpappoYEG amd TNV andKTNoN TPOoPaong Kot To cLVOLAOHO SeSopEVWY TTOL TIPOEPXOVTAL ATTO
Sapopetikég Nyég. QoT600, N arotereopatikn diaovvdeon Kat enefepyaoio Sedopévwv amd
SlapopeTikég TINYEG elvat auTr TTOL KATaANyel oLVHOWG o€ eVOLAPEPOVTA ATTOTENETHATA.

Ot mapadoxég mov avavBnkav mapanavew wxvovy Kat oTo Tapddetypa Twv Alaocvvdede-
Hévwv Aedopévov (Linked Data) [Data], [BHBL09], érov dedopéva amd Siadpopetikég mnyeg
Kal Topeig StouvdéovTal TTAPEXOVTUG EVOWUATMOT evpeiag KAlpakag Kot emepmtnon dedopé-
vwv tou Aadiktvou [Datb]. O 6pog Awaovviedeuéva Acdopéva avadépetal oe éva GUVONO TIpA-
KTIK®OV Yoo T dnpoocievon kat Stacvvdeon Sopnpévmv dedopévav oto Atadiktuo, eve €xet opl-
oTel éva oUVONO apxwv TToL Tipémel va akohovBovvtal y va yivovtal diabéoipa tor dedopé-
va 610 TTAaiolo avTtd. Zopdwva pe TiIg Apxég Twv Alaovvdedepévav Aedopévav (“Linked Data
Principles”) [BHBLO9] opifovtat ot akdélovBot Pactkoi kavoves ya tn dnpoacievon dedopévwv

010 AladiKTLO, OOTE Vo YiVOLV [EPOG EVAG eVIaioL XwpoL SedopEvwy:

« Xprjon URIs wg ovopata Twv Tpaypatov
+ Xprjon HTTP URIs, ®ote autd Ta ovopata va propotv va avalntnboovv

+ Otav kdmolog avalnta éva URL cvviotdTal n mapoxr Xprotung mAnpodopiag faoet mpo-
tonwv (RDF, SPARQL).

+ Na nepthappavovtat links oe Mo URISs, dote va eivat epIKTh N avakdAuyn meplooote-

pWV TIPAYUKTWV

H Siaovdeon dedopévav amod Siapopetikég SladikTvakeg mnyég mpotmoBétel Tnv vmapén

HNXAVIOH®V TTOL akoAovBoLV TiG Pactikég apxés Twv Ataouvvdedepévmv AeSopévmy, al& eTtiong



270 Kepahato 4. 'Eva Katavepnpévo Zootnpa yia t Atactvdeorn IToAvdidotatwv Aedopévwv

Tovifouv TV vTapEn Kal TN oNUACIX TV CLVOECEWV HETAED TWV AXVTIKEILEVWY TTOL TIEPLY PAPO-
vTat arto auto 1o eidog dedopévwv. To RDF povtého éxet xpnotpomoinBei evpémg ylo TNV avama-
paoTHoT KAl TNV avTodAayT) TéTotov eidoug SeSopévmv, KabBwg TapéxeL Evay eVENKTO TPOTIO Yo
v meptypadn mpaypatonv (0nng avBpwrtot, Tonobecieg 1} o adpnpnpéveg 10€eg) Kal TG AT
oxetilovtal petald Tovg. Me TN Xprjon ToL HOVTENOL aLTOV, T deSopéva avVaTaPIOTAOVTAL ATTO
TPUTAETEG TNG HOPPTIG: (subject, property, object). KaBe tpumhéta Snhdvel tn oxéon petald tov
subject kat Tov object. Eniong, n mapotoa téon yia tn dnpoocievon tétolov eidovg Sedopévwv
etvat n dnpiovpyia SPARQL onpeiov [SPA].

H alohoynon tov epotnuatwy oe té€totou eidoug meptPaAlovia yivetat Kuping pe S0o Tpod-
TIOUG: [E KEVTPIKOTIONHEVA cuoTHHaTa Kal pe federation and mépouvg. H Tumikn mpooéyylon ota
UTTAPXOVTA CLOTHHATA E(VALT) CLUYKEVTPWOT HeYOAwV dyKwv dedopévmv, n ipoeneepyacia Tovg
KAl 1) pOPTWOT TwV SeSOHEVWY AUTAOV O £V KEVTPLKOTIOLNUEVO onpeio armobnkevong €ToL doTe
V& ETITPATIEL 1) EMEPWTNOT TWV OLYXWVELHEVWY dedopévav Tottikd. Ta mapadetypa, to mpd-
ypappa DBpedia [BLKT09] eivat pio mpoomdBeia mpog avtiv v katevBuvon ya va e€dyet
Sounuévn minpogopia a6 to Wikipedia, va 1n Stacuvdéel pe GANovG LTTAPXOVTEG TTOPOULG Kall
va v Kavet Swabéoipn oto AladikTvo. Av Kol Ol KEVTPIKOTIONHEVEG ADOELG TIAEOVEKTOVY KOT
v eneepyacia Twv epWTNHATOV TapéxovTag TpdoPacn 6To a0VOAO TG GUANOYTNG Oedopévay,
elvat evdhwteg otV avénomn Tov peyéBoug Twv dedopévev ( [HMZIO0], [HHK™ 10]). Enuthéov, n
¢paon g po-enefepyaoiog popei va eivat xpovoPdpa Kal €ToL v amtoKpUPETAL 1) XPNOLHOTN-
T Twv Alaovvdedepévmv Aedopévmv. Eva Ao TTpoPAnpa eival 0 uYXpOoVIOHOG TV TOTILKWV
avTLYpadpwv oe aUTEG TIG TTpooeYYioels, etdika dtav ot NYég Twv dedopévwv 1) RDF vnootdoelg
oANGlovv GuXVE.

Mia evaA\aKTIKI) TIPOGEYYLOT) €IVAL 1) EVOTIOINOT TWV LITAPXOVIWV TTOPWV KAL 1) LAOTIOIN-
O HNXAVICH®V Ylor KaTavepnpévn eme€epyacia epotnudtev oe RDF mopoug [GSIT]. Katd tnv
Katavepnuévn enefepyaoia, Eva ep@TNHA OIAOTIATOL O€ ETUEPOVG EPWTHHATA, OL TINYES TV de-
SopEvaV EpOTOVTAL YLat VA TIPOGOLOPLOTOUV QUTEG [E OXETIKN TTANpOopopia, To epdTNHA aloNo-
YeiTaL OTIG OXETIKEG TINYEG KATELOEIAV Kot TEAIKA TX KITOTEAECHATA CLYXWVEVOVTAL OTOV KO-
fo mov extelel Tnv evomoinon. To DARQ [QLO§] mapéyet pia pnxavn yia SPARQL epwtripata
petay Stapdpwv SPARQL onpeiwv. Xpnowponotel meptypadés Twv umnpectov yia to dedopié-
V& TIOU TIPOGPEPOLV ETOL MOTE VA ITOKTHOEL TIANPOGOPIX Ylor TNV ETMAOYT TV TNY®V KATE TO
oxedlaopo NG ekTéNeons Twv epotnpdtwy. Xto [HHKT10], ot ovyypadeig mpoomaboiv va on-
HlovpYriooLY piot ADOT) TIOL V& GUVOVALEL XXPAKTNPLOTIKA aTTd eVTEAMG KEVTPLKOTIONHEVEG KL
KaTavepnpéveg mpooeyyioels. [la auto 1o oKoTo, SntovpyolV pia Sopr) SelKTodOTNONG TTOL OTN-
pietal 010 Q-tree ylax TNV amoOnNKeLON TWV TTEPLYPAP®V TOU TIEPLEXOHEVOD TV TINYWV KoL XPN-
otpotoloby auvTn TN SelkTodOTNON YA va TTPOTSLOPIcOUV CXETIKEG TINYEG e LYNAT TBavoTnTAL.
To FedX [SHHT11] mapéxet éva mhaioto yia tnv ektéeon SPARQL epwtnpdtov yia Stadope-

TiK& onpeia. IpoomaBmvTag va eAaTTwoEL TNV TIPowOnon G TNYEG XWPIG OXETIKO TIEPLEXOHEVO,
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xpnotporotel SPARQL ASK epwtriparta mov emioTpéPpouy OeTikr ammdvtnorn edv umdpyel TOLAG-
XIOTOV €va oXeTIKO amotéheopa. Emiong, Sivetat mpoooxr yla Tov TpooSloplopd TG Oelpdq He
TNV oToia eKTEAOVVTAL T join WOTE VXX TTEPLOPLOTOVY Tl EVOIAUETA ATTOTENECHOTOL.

H evomoinon diadopetikmv onpeinv mpdoPacng oe mopoug mpoobétel k&mmola emPapuvon,
dedopévou otL oL punxaviopol enepwtnong dev £xouv Geon TPAGPACT 0TO GUVOAO TNG GUANO-
Y16 Twv dedopévwy Kat oTnv TAnpodopia mou xpetdletal yio T feATioTonoinomn tov oxedlaopol
eKTéNeONG TOL epwTNHaTOC. H éNNeryn evdg Kotvol oxXRUaTog HETAED TwV SladOopeTIK®V oNpeinv
avéavel emiong Tnv moAvmAokoTnTa, eldikd dtav avédvetal o apldpdc Twv mywv Twv dedopé-
vov ( [HMZI(], [HHK™10]). To cbotnpa 8etkto80TNnonG 1Tov TIpoTEiVETAL HITOPEL VA ATTOTENEDEL
éva eninedo vYPnAng emidoong yla TV LAOTIOINON TV SIAPOPWV TEXVIKOV Yl TO oXeSIAOHS TG
EKTENEONG TWV EPWTNHATWY, OL OTIOIEG Eival TTAPEUPEPEL PLE AVTEG TIOL TTPOTEIVOVTAL OTIG EPYATI-
eq [QLO8], [SHHT11]. Xvvemnag pmopei va emitevyOei emitdyvvon tng Stadikaoiog mov amatteitat
TIPLV V& epwTNOOVV OL TIPAYHATIKEG TINYES TV dedopEVHV Kal VO AVTIHETWTTILIOTOVV TIPOPANHATA

Tiov oxetifovtal pe TNV enidoon Kkat TNV gvoroinomn Twv Alacuvdedepévwy Aedopévmy.

4.8 PI4LD:Eva P2P X0otnpa yia tn Aeiktodotnon Atacvvdedepévov
Aedopévov (P2P Indexing Scheme ‘FOR’ Linked Data)

Ztn ovvéxeta tng datpiPrig mapovotaletal to PI4LD (Peer-to-peer Indexing FOR Linked Data),
o €xel oxedlaotel ylor TV ammodotikn katavopr dedopévmv ocOpudpuva He TIG apxeg Yix Ta Ala-
ovvoedepéva Aedopéva, Snhadr) dedopévmv ToL TTEPLY pAPOVTUL AVTOTEAMG Kot TTEPLEXOUV OOt
otohoytkn mAnpodopia. E¢dcov 1o mpotumo RDF mapéxel Eva yevikod, apnpnuévo Hovtélo yla
NV TEPLypadt] TwV TOP®wV, oL TaELvopies, Tor Ae§IAGYLo KAl Ol OVTOAOYLEG HITOPOUV VA XPNOLUO-
o000V yla va eKppaoovy TIANpodopia TTOL OXETI(ETAL TIEPIOTOTEPO e CUYKEKPLUEVOUG TOHELG.
Extég anoé 1o RDF povtélo, to ovotnua PI4LD AapBavet umoyn tou Kat o eetdikevpéva po-
vtéha dedopévav, omwg to RDF Vocabulary Definition Language (RDES) kat to Web Ontology
Language (OWL), eritpémovtag tnv avanapdotacn Sopnpévay 1 npt-dopnuévav dedopévamv.

Z1oXeVOVTUC OTNV EEANELYN TWV TIEPLOPLOUMY TTOV CLVAVTWVTAL OTIG KEVTPLKOTIOINHEVEG KoLl
EVOTIOINHEVEG TIPOOEYYIOELS, TIpOTEivETaL Miot [N KEVTpIKOTIONpEVN AVon Yl TN SetktoddTnon
daovvdedepévwv dedopévwv wote va emitevybei n amodoTikn enefepyaoio TwV EPWTNUATOV.
To cVoTnua oL TTpoékLYE prtopei va xpnotporotnBei eite e€ ohokAnipou yia TNV amoBnkevon
Kal eMePWTNON peydhov 6ykov RDF culloywv eite wg éva evoiapeco emimedo yio tn detktodo-
mon Twv dtacvvdedepévov dedopévwv Mavw amod vdpxovoeg Tnyeég. [a v emitevén avtoo
Tov atd)oU, Xpnotpomoteital piae DHT emkdAvyn yia t datrjpnon cvvoyeny Twv ovioTHTWV
Kol TV HeTaEV TOUG OXETEWY O€ piot LEpapXLIKT) HOpdT), eV Ta amoOnkevpéva dedopéva KaTave-

HovTat avapeoa 6Toug Stabéotpoug kOpPous. H ouykekpipévn emkalvuyn amoteleital and Svo
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‘elKOVIKA OaKTLAIOL, vat ylor To subject Kal €va yia To object, eve To property epmepléxetat péoo
o1 doun deikt0861N0NG. To GLVOAIKO ATTOTéEAETUA Eival OTL EMUTLYXAVETAL ETUKOLVWVIA UE OGOV
T0 SLVATOV HIKPOTEPO APLOUS KOUPWV KAl HELWVOVTOL Ol TTOAUTTAOKEG AELTOLPYIEG.

Yvvontikd, To PI4LD obotnua katadépvel va emituyet Tor akorovBor:

+ Amotelel piot odokAnpwpévn AVon yia TNV Katavour, Tnv amodnkevon kat tn detktodoTn-
on daouvdedepévwv dedopévav petadd Twv KOpPwyv. To odoTnHa eival emiong IKavo va

ektelei online evnuepaoelg kat va Siatnpei To dedopéva o€ €va KATaveunuéVo oOOTNHA.

+ To mpotevopevo cOOTNHAX TTPOOPEPEL [ia ADOT] Yl TOV TEALKO XPHOTH, TIOL HITOPEL var eTte-
pwTnoel OAa Ta Oedopéva pe eviaio Tpdmo. Ta epotiuata oe diadpopeTikd emnineda Twv
EVVOLWV HITOPODV VA eKTEAEOTOVY aTtOdOTIK& AOyw TNG LEpApPXIKNG opydvwong Tovg. H
TIPOCUPHOYT) TNG SEIKTOSOTNONG AVAETH OE OLAPOPETIKA ETITESA TWV OVTIOTHTWV KAl TV

KAAOEWV UTTOPEL VA YIVETAL AVAAOYX e T EPWTHUATH TOV XPNOTAOV.

+ Mia extevng aflohdynon tng anddoong Tov cuoTHHATOG SeiXvel OTL TO CVOTNHA eival LKAV
yta T prro€evia StapopeTikamv TOHTIWV SeSOHEVWV aTTO SlapopeTIKES TINYEG 0TO AladikTuO

Kal pitopel va amoteléoet pio Prootpn Avon.

4.9 Movtélo Agdopévov oto PI4ALD

Amé v élevon Twv linked data, ot teploodTepot amnd Tovg époyoug dedopévwv (data provi-
ders) vioBetotv To RDF povtého yua t Snpocievon towv dedopévwv tous. Eva onpavtiko xapa-
KTNPLOTIKO TToL Slakpivel auTég Tig Tpooniabeleg Yl 11 Snpooievon Sopnpévng mAnpodopiag
oto Adiktvo eivat n vioBétnon povrédwv mov Paciovtal oto RDES kat 6to Web Ontology
Language OWL yla TNV avamnapdotact TnG onpactoloytkng mAnpodopiog, SnAadn yla va ek-
ppdoovv ovtotnTeg, facts, oxéoelg petald Twv facts kat 1810TNTEG TwV oXéoewV. [la mapadelypa,
n kotvotnta Tov DBpedia xpnotporotei pia ovtoloyia ylax StapopeTikovg Topels Tov Sev €xel 8n-
HovpynOei pe avtdpato tpdto kat éxet e€axbei amo ta infoboxes mov vnapyovv oto Wikipedia.
OMa Ta avTikeipeva (OTwG XwpeS, TOAeLS, opyaviopol, avBpwrtot) prtopovv va BewpnBolv wg
oVTOTNTEG, EV® K&Be 0vTOTNTA elva uTGoTaoN (instance) TOLAGXLIOTOV piag KAGONG TTOL opileTal
otnv ovtoloyia [SKWO07]. Ot k\doeig popovv emniong va Bewpnboidv wg ovrétnteg. H 1idtnta
rdf:type XprotpoTtoteital ylor va SnAwoetl 0Tt €vag TOpog (OAa T TIPAYHATA TIOL TIEPLY PAPOVTAL
anté RDF ovopdlovtal mépot-resources) eivat instance (1) individual) piag kAdong.

H xpron Twv ovtoloytdv vmovoei pia tepapyikn opydvwon tov dedopévwv dedouévou 4Tt
pia ovtoloyia avamaploTa T yvmon wg éva a0VONo 18ewV 0€ £vay TOpER Kol AUTEG OL EVVOLEG
Hropovv va dounbovv pe tepapyikd Tpomo. H Siatan twv evvolmv piag ovroloyiag o pio Ta-

Evopia (1) katnyopikr tepapyia - category hierarchy) ovpBdailet ot Xprion Kat To reasoning



4.9. Movtélo Aedopévwv oto PIALD 273

[SKW07], [THST10]. Z11g mepmtmoelg TToL HEAETOVTAL, Ol KAKTELS TG ovTooying SiatdooovTat
o€ lepapxieg Kat ) oxéon rdfs:subClassOf xpnolpomoleitatl yior va SnAdoet 6Tt i KAGomn eival
UITOKAGOT ptag GANNG. XT0 TTpoTevOpevo ovaTna, N Uitapén g tepapxikng Sopng a&lomotei-
Tat, 1 omoia e€dyetat armd TéTolov eidovg dedopéva Kat XpnoLHOTIOLE(TaL Y1 TNV KATAVOT TOUG
OTOUG KOHPOUG TOL CLOTHHATOG e TETOLOV TPOTIO MO TE Va dlatnpovvTat ot I3LdTNTES TNG tepap-
xiag kot va emitevyBel o anmote eopaTiKr emeCepyasia TwV EPWTNHATWY. UVETIWG, TO HOVTENO
dedopévav Tov TIpoTeiveTal 6 aLTO TO CUOTNHA OPYAVAOVEL TIG OVTOTNTEG 0€ SEVTIpA OUHPWVA
He TIG oxéoelg rdfs:subClassOf HETAED TV KAAOEWV KAl TWV OVTOTATWV TIOL €(VAL UTTOOTAOELG
TOUG. XTN OLVEXELX OAEG OL AVAPOPEG OTIG UTTOOTAOELG YIVOVTAL WG OVTOTNTEG Kal Bewpeital 6Tt

pio ovtoTnTO PIopel va epdaviletal eite wg subject eite wg object oe éva triple.

2004_Summer
_Olympics

IxnNpa 4.22: Avanapdoracy pepikev DBpedia instances

To 2Zxfpa Seiyvel pepika triples ammé SiapopeTika instances Kot TiG oXETELG TTOL Tar TLVOE-
ovv, dnw¢ avta mpoékvyav and to DBpedia cvvolo dedopévmv. Ta triples avtd opyavaovovTtal
o€ SLapopeTIKEG OeVOPLKES OOHEG CUUPOVA HE TIG KOLVEG TIHEG TOUG. ZT0 AOYIKO emtimedo, oL YKpL
KOHPoL TToL avamaploTovy To emninedo Tov oxXNUATOG (schema layer) Siaxxwpilovtat amd To emi-
€80 TWV MPAYHATIKGOV VITOCTACEWYV TIOL ATTElKOVI{ovTal pe AevkoUg KopBoug. Ta ovprayr) BEAn
TIPOEKLYaY atd TNV OLOTNTA rdf:type KAl TIG OXEOELG TTOL OpilovTal oTnv ovToloyia (ot eTIKETES
TIAPAAETOVTAL YIO AUTEG TIG AKPEG YIX AOYOUG aVOY VWOLHOTNTAG), EVE® OL EYXPWHEG, OLAKEKOL-
HEVEG YPAUUEG OTITIKOTIOLOVV TIG OXETELG HETAED TV OVTOTHT®Y, OTTOL TO 1006 TNG Kabe oXéong
¢aivetal otnVv eTikéTa TNG K&Be ypappnc. Ola ta BEAn katevBvvovTal amd to subject Tou triple
1ipog To object. [ta mapa&delypa, oL TOTTOL TNG OVTOTNTHG OXETIKA (L€ TO Athens Kol 1) GXE0T) TOU e

TNV ovTOTNTA NTUA TIEpLy pdidpovTat artd ta akdlovba triples

'Ta URIs mapakeimovtal yia AGyoug avayveotudTnTag
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Athens rdf:type Place
Athens rdf:type Populated Place
Athens rdf:type Administrative Region

NTUA dbpedia:campus Athens

4.9.1 ZvpPoAiiopoi kat Opiopoi

210 ipoTelvOEVO oVOTNHA, Ta deSopéva eladyovTal fe TN Hopdr TwV triples 6mwg meptypd-
¢nke 0N otnv mponyovpevn Evornra. Mia anaitnon mov tifetat amod tnv ap)ITEKTOVIKT TOL
OULOTAHATOG gival OTL pia Kavovpyla ovtoTnTa elodyetal 6To PI4LD pali pe ta triples mov opi-
Couv Toug TUTIOVG TNG £€T0L WOTE TO “mAFpeg povorary” ( “full path”) ng lepapxiog Twv KAGoewv
TIOL TTEPLYPAPOLY TN GLYKEKPLUEVT OVTOTNTA VA TIpoodiloploTel. [ mapadetypa, n eloaywyr) Tov
triple (NTUA, campus, Athens) amoutei OAot Ta triples amd Tn yevikdtepn évvola H€xpt Tnv o
Aemtopepr) va eivat Stabéoipa Katd TNy eloaywyr Toug Kat yia Tig dvo ovtotnTeG. H mpooéyyion
auTr) akolovBeital £Tol woTe va SnpovpynBel éva emeKTAOIHO KAl EVENIKTO GVOTHHA, XWPIG VA
QUTALTEITAL 1] YVWOTOTIO{NOT TWV UITAPXOVOWY OVTOAOYLOV 08 OAOLG TOUG KOUPBOUG TOU GUOTHHO-
T0G.

Or ovtoTnTEG OpYAV@VOVTAL OF Llepap)ieg pe L enimeda ovvoyng £, 1ov 10 i avTIoToLXEl
oty i-th ovtoloyia kat 1o j (j € [0,L; — 1]) avarmapiotd 1o j-7o eninedo tn¢ i-14¢ ovtoAoyiag.
To emninedo €y ovopdletal root level yia tnyv i-77 ovtoloyia Kat to hashed value Tov ovopaletat
root key kat avtioTolyel 0Tn Pactkotepn 1&éa evdg Topéa. Av kat k&Be individual oto OWL eivat
HEPOG TNG KAAONG owl:Thing Kot CUVETT®G ONEG OL OVTOTNTEG TIPETIEL VO €XOLV TO Thing wg root
value, 1o eminedo avTod TapadeineTal oTIG Lepapyieg Kat oL OVTOTNTEG TOU EMOUEVOL EMITTESOV
BewpovvTal wg root values.

Eniong opiCetat 011 10 €if Ppioketar vynAorepa (yapundorepa) amd 1o € Kat cupPoriletal wg
Cix < iy (G > Cip) iff k <1 (k> 1), Snhadn eav 1o i avtioTolyel oe €va Aydtepo (TeplocdTepo)
Aemttopepég eninedo and 1o € (n.x., PopulatedPlace < Country).

O Tipég NG tepapyiog opyavavovtal oe 8evOpikég dopég, SlapopeTikég ylo kdbe root key.
Xwpic amtwAela TG yevikdTTaG, Bewpeital 611  K&Be TN ToL emuTédov ¢ €xel To TTOND €va
nipdyovo 01O apéows LYnAdTePO eminedo fi(j—l)' ACiCe emiong va onpelwbel dTt ot KAdoEIS piag
ovtoloyiag oxnuatitouv pia tepapyia, 61moL 0 AptBpos TwV emuTédwv oe kKabe KA&SO Oev eival
otabepog. Z1o mpotevopevo ovotnpa, Bewpeital wg mpoamattodpevo Tt 6Aot ot KA&SoL Tov
idtov root value €xouv Tov (810 aptOpo enmédwv, £T01 OOTE oL AelTovpyieg re-indexing va prropovv
va eKTEAEOTOVV OTWG Teptypadnke otnv Evotnta B.5. E¢pdoov oe pia mpaypatikr) ovroloyia,
Hitopei va umtapyet éva dtapopeTikdg aplipog emumédwv KATw amd évav Koppo, Ta emineda mov

artovotdlovv mave and 1o leaf value yepifouv pe YyevdoTipég.
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4.9.2 Opyaveon tov Aedopévov

H mpotevopevn apxITeKTOVIKT eVOG TIANPWG KATAVEUNUEVOL OLOTHUATOG Yo TN Slayeipton
daovvdedepévwy dedopévwv Paoiletal oTic Bepeliwdelg apyxég Twv DHTs. Xto PI4ALD avamntio-
OOVTaL EMEKTAGIHOL UNXAVIOUOL Yo TNV Katavopr, T Seiktodotnon kat Tnv enepatnon Slaouv-

Sedepévav SeSopévav pe Eva TTANPWG KATAVEUNUEVO TPOTIO.

H katavoun twv dedopévmv 6Toug KOHPOUG TNG eMIKAALYNG YIVETAL [E TETOLO TPOTIO MOTE
va StatnpnBel n mAnpogopia ov ekPppdleTal oTNV ovToloyia OXeTIKA He K&Be ovidTnTa, EV®d
ot Skpopeg ovtoTnTEG SlarcuvdéovTal otpPwva pe Tig 18dTNTEG Tovg. O 0TOXOG TIPOG eMiTEVEN
01O OXedIOUS TNG APXITEKTOVIKNG eival 1) anmoBnikevon kébe ovtoTnTag He éva TTApwG TEPL-
YPaAPIKO TPOTIO. ZUUMEPACUATIKA, 0 KOUPOG 1oL eivat uitevBuvVog Yl pia ovTdTNTA amoBnkevet
Kat ONeg TIG KAAoEL (1) TG €vvoleg) TToL OXeTIlOVTAL [e TN CUYKEKPLHEVT ovTOTNTA. ZOpPwva
e 1o DHT mpwtokoAo, éva key mpémel va avTioTotynOei oe k&Be ovtdTNTA TTOL ELGAYETAL OTO
oUOTNHA, €TOL OOTE 1] OVIOTNTA VA KATaArEel 0TOV KOpPO oL gival vtevBuvog yia avTd. XTo
PI4LD emléxOnke n dnuovpyio avtod Tov KAELSI0V va YiveTal B&oel NG TG evog emutédou
™G tepapxiag. H tipn auvth avagépetat wg pivot value, ) hashed tipr g wg pivot key kat 1o
emninedo NG wg pivot level. To vynhdtepo kat To XapnAdtepo pivot level Tng ocuvolikng tepapxi-
ag yta éva root value ovopdletar MinPivotLevel kot MaxPivotLevel avtiotoixwg. Aedopévou ot
TIOAMQTIAEG OVTOTNTEG HITOPOVV Va TiEpLy padovV amd Ty idta Stataén kA&oewv (1} evvolahv) o
opilovtat oe pia ovroloyia, kaOe KOHPOG opyavmvel ONeG TIG OXETIKEG OVTOTNTEG Oe OevOpLKEG
dopég mov xapaktnpilovral armo Kotvég kKAaoelg (1] évvoleg 1§ ovTotnTeg) oo root level kat o idio

pivot value.

H emilvon Twv epotnuatey mov avalntovyv Siacuvdedepéves ovToTnTEG amatTel TNV artodr)-
KELON TNG TANpodopiag ov oxetiCetat pe T petad Touvg dtarovvdeon otnv emmk&Avyn. o mo-
PASELYHA, TO EPWTNHA YL TNV AVAKTNON TwV OVOUATOV Twv Stadiums mov ¢pthoévnoav Olympic

Games eivat:

SELECT ?Stadium ?Event
WHERE { ?Stadium dbpedia:tenant ?Event.

?Stadium rdf:type Stadium. ?Event rdf:type Olympics.}

T va eivat duvarr 1) enidvon evdg TéTolov epwTHHATOG, Oev eival apKeTo va BpeBovv ot ovTo-
TNTEG TIOL eival HéAN TV KAdoewV Stadium Kot Olympics, cAA& va BpeBovy Kat TToLeg atd auTég
11§ ovTdTNTEG StacvvdeovTal pe TNV 10Tt dbpedia: tenant. [l avtd 1o Adyo, amopacioTnke
va arroOnkeveTal piot TAELES o IO TIEPLEXEL TIG TLHEG TIOL OXETIOVTAL TOGO (e TN ONUACIONOYIKN
mAnpogopia 6o Kat pe To property oto local database touv k6pBouv mov eivat vrtevBuvog yo TNV

ovVTOTNTA TIOL epdavileTat wg subject. Ooov adopd To apddetypio TOL TIEPLYPAPNKE, pia TETOLX
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mAetdSa yx Svo and Ti¢ ovToTNnTEG MOV ATtetkovilovtal 6to Lxnpa f.27 kat anavtovv To mapa-

Tavew epatnua Ba eivat n e€ng:

(Place, Building, Stadium, Stadium_of_Olympia, Event, SportsEvent, Olympics,
2004_Summer_Olympics,dbpedia:tenant)

omou 1 TeevTaior Tipn eivat 1 1816TNTA TTOL StaoLVOEeL TIG SVo ovTdTNTEG. H yevikoTepn 18éa eivat
n Statripnon evog primary virtual ring mov armoBnkevel OAN TNV TANpodopia OXETIKA pe Ta triples
Kal evog secondary virtual ring mov detktodotel TIG 0VTOTNTEG TTOL epdavilovtal wg objects. Ta
pivot keys mov avtiotolxoUv oTo primary ring ovopalovtal primary keys Kot ot mAelddeg arto-
Bnrevovtat oto local database tov primary ring. Adyw 1oL YeyovOTOG OTL OL TTIEPLOCOTEPEG TLHEG
oL eppaviCovral péxpt To TehevTaio eminedo eival Koveg, n IOTNTa avTn prmopei va aflomotnOei
yta 10 oXeSIAOUS VOG TILO ATTOTEAECUATIKOV OXAHATOG 0 GUYKPLOT) He TNV artAn Ao TG Xpi-
0onG €vOG Ao Tivaka pe TOAAAéG oThAeg. Evag dANog mapdyovtag mov mpémet va AngOet
UTTOY eivat OTL 1) ONHACLONOYLKT) TIANPOPOPI TTOL TTEPLYPAPEL TNV OVTOTNTA TIOL AVTIGTOLKEL O€
éva subject pmopei va Bpebdei kat otig devdpikég Sopég mov StatnpovvTat and tov képPo. Ia-
PO aUTA, N opYydvwon Kat BertioTomoinorn tou local database dev amotelei facikd pépog tng
TIEPLY PAPOUEVIG APXITEKTOVIKNG Kot 8V ovaADETAL TTEPAUTEPW.

Mia AN mapatrpnon eivat OTt ot elkoVIKEG eTTIKAADYELG OetkTOS0TODV HovVo Ta subjects kat
T objects. AuTo €xel wg amotéheopa va Hnv eivatl Suvath 1 eALON TWV EPOTNUATWV TIOV TTe-
pLExovv Hovo 1810TNTEG Xwpic va mpowbnbovv kat va alohoynBolv amd 6lovg Toug KOpPoLg
Tov ovoThpatog. H dnuiovpyia tov Setktdv yia T properties mapakeinetoat Aoyw tng Oewpnong
o1t T properties dev akoAovBouv tepapxikég oxéoels. Eav amopaototei 61t xpetaletat va Set-
ktod0tnBovV Kat avtég oto PI4ALD, ToTE Ot TIpEG TOVG HITopoLY ammA& va yivouv hashed kat va
eloaxBovv otn DHT emkavyn cOpdwva pe Tig Stadikacieg Tov akohovBobvTal yia Tig el0ayw-
vég Sedopévwy oe pia secondary didotaor. Emiong éxet mapatnpndei cuxvd 0Tl 0T epwTAHOTA
10V apopovy Stacuvdedepéva dedopéva eival mBavd va TpoadiopileTal TOLAGXIGTOV O TUTTOG
Tou subject 1} Tov object [Hal09]. E&v avtd oxveL, n) emilvor Tov epwTripatog pumopei va Eekiviioet
amtd aLTAV TNV TN Kot va akolovBroet Ta links mov Siatnpovvtal oto cOoTNHA HEXPL VA ETTL-
AuBei. QoT1600, edv TpdKELTAL TO CVOTNHA VA ECUTINPETEL KUPIWG EpWTHHAT TTOL apopovY HOVO
properties, tote mpootifetat éva axdpa secondary Saktulidt 6To cOOTNHA OTIWG AVTO TTOL €XeL
dnuiovpynBei yia T objects xwpic va xpetdlovTat TePAITEP®W TPOTIOTIOLOELG.

Koatd 1 Sdpketa Twv eloaywyonv Towv dedopévawy, n mAnpogopia yia 1o pivot level eivat {w-
TIKNG onpaociag (Loévo to pivot level mov xpnolpomoLeital KATE TIG ApXIKEG ELCAYWYEG UITOPEL VA
emlexOel avbaipeta avéloya e TI¢ avdykeg TG epappoync). O oxedlaopdg TOU CUOTHHATOS
amatTel OTL av pia Tipn €xet emhexOel wg pivot key kata Vv eloaywyr piag ovtdtnTag, T0TE TO

id1o0 pivot key mpémel emiong va emihexBei wg pivot key yior k&Be aAAn ovtdtnTa mov oxetifeTat
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HE aUTO pEow TNG IOLOTNTAG rdf : type. [ va TnpnBei avtdg o meploplopdg, £vag KOpHPog mpémel
va yvopilet o vidpxovta pivot keys 6tav elodyet pia katvovpytla mhetdda. [ avtdv 10 Adyo
vlomote{Tal €vag MANPWS KATAVEUNHEVOS KATAAOYOG TToL artofnkevel TANpodopia CXETIKT HE
Ta root keys kat Ta avtiotoxa pivot keys touvg oto PI4LD. Ka&Be root key amobnkevetal otov
KOHPo Tov eivat “mAnoiéatepog” oo ID Tou. K&be popd mov éva kavolpyto pivot key mmov avTi-
oTolyel o€ auTo TO root key elodryetat 0To cVOTNHA, 0 KOpPOG Tov root key evnpepwvetatl ylor autod
Kat To TpocBétel 0T AoTa TwV yvwoTtwv pivot keys. O koppog Tou root key yvwpilet emiong kot
10 MaxPivotLevel mmov xpnotpomnotfnke Katd TNV el0aywyn TOV TIHOV TN CUYKEKPLUEVT OLd-

oTao.

Apxikd, 0 KOpPog oL elodyel pia TTAELGS A ETIKOWVWVEL e TOV KOHBO TToL eivat utevOLVOG Yo
10 root key tng vmomeladag otnv primary didotaon. To root key Tng primary Sidotoong evnpie-
PWVETOL YLOL TNV KALVOUPYLOt OVTOTNTA KAt UTTaryopeLeL To KATdAAnAo pivot level (e&v to idio pivot
key vmapyet 10, 16TE Xpnowpomoteital To pivot level Touv, Stapopetikd To MaxPivotLevel). 1
ovvéxela, § DHT Aettovpyia yia Ty eloaywyr piag ovtotntag otnyv primary Stdotaon {exivdel
Kat n mAetada Katakryet otov KOpBo mov eivat vebBuvVog yla To pivot key mov amopaciotnke. O
KOpPog mov eivat virevBuvog yia To pivot key tng primary Sidotaong amobnkevel TNV ovroéTNTA

otnv avtiotown devdpikn Sopr) kat ohdkAnpn tnv mietada oto local database tov.

To emopevo Prjpa eival n amobrkevon g ovtoTNTAG TTOL eldavileTal wg object oTo VEO
triple. O k6ppog mov eivat vrevBuvog Yl To primary key emikowvwvei pe Tov kKOpPo mov eivat
uevBuvog Yl To root key avTrg TNG oVTOTNTAG Kol EVIHEPWVETAL Yl TO KatdAAnAo pivot level.
A¢pov anopaciotel To pivot value ylo Tn ovykekpipévn ovtoTnTa, auTh arodnkevetal otn dev-
Spikn Sour) Tov KOpPoL OV eival LITELOVVOG Y To pivot key Tng. To object cvoxetileTat pe T
primary Sitaotaon péow tov primary key. K&Be ovtdétnta Tov secondary tree diatnpei pio Miota
pe to primary keys mouv oxetiCetat. H Sopr mov anoBnkevetl 1ig avtiototyioelg petadd tov leaf
values kat Twv primary keys avagpépetal wg Linked Table. O\eg oL 0OVTOTNTEG TTOL ELOGYOVTAL e
10 {d10 pivot key katohfiyovv otov {810 kopPo mov kabopiletat and tnv Tiur Tou pivot key. H
novn Swapoporoinon petald evag subject kat evog object eivat étL oty TepinTwon Tov subject
uopei va Ppebei 0o 1o tuple oto local database, eve otnv avtifetn nepintwon vdpxel HOVO
éva link mpog to primary pivot key. Aedopévng tng onpaciog Tov property owl:sameAs ylx TNV
enepw1non Slacvvdedepévmv dedopévwy artd diadopeTikég nYEg, Ta links pog To primary ring
IOV XapakTnpilovTtal ammd autod To property Umopolv va onpelwbolv yla va Slaxwplotodv aro
TG utohouteg 1010TNTEG. Katd TN Stdpkela Twv eviuepwoewv ekteleital n S Stadikacia mov
TIEPLYPAPGNKE Ylor TNV €LoaywYT TV VEwv triples. Mia emunmpooBetn anaitnon mouv tibetal eivat
OTL IpéTel va eviuepwBovv omotot SeikTeg eivat BavOV va LITAPXOLY TIPOG TIG UTTOGTACELG TWV
KA&GEWV TTOL KANPOVOEL ) KAtvOUpYLo ovTOTNTA Kot BpiokovTal Tévem arto To pivot level, edv to

pivot key mou xpnotpormotfnke dev vmdpxet 16n oty emkaAvymn. Lo autéd To Adyo ekTEAOVVTAL
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lookups kat evnpepwvetal onoladnnote oXeTIKr MAnpodopia (61wg avadpépetat otnv Evétnta

B5.1).

Nod1 .

value i Bu"dll?g T

Stadium_at_ Olympic_Stadium

Olympia Athens

Exnua 4.23: Karavour tov dtacvvdedeuévov Sedopuévwy oro PI4LD

210 mapadetypa tov Zxpatog f.23, to eminedo £ emAéxBnKe yia TNV ECAYWYT) OA®V TV
triples mov mapovotalovral 6To Zxnpa Kat oxeTilovtalevBéwg i) un e To property dbpedia: te-
nant. Ta root keys Twv primary kat secondary diaotdoemv yia auTtég Tig TTAeLddeg eival Place Kot
Event avTioToixwG. H devopikr Sopr otov kdppo Nod; amoBnkedet OAeG TIG OVTOTNTEG TTOL Epda-
vilovtat g subject ota triples pe TV 1810TNTA dbpedia: tenant, eve OAa Ta objects oxnuartiovv
N Sev8pikn Sour) Tov paivetat yix tov kKoppo Nodig. Ot ovtotnTeg Tov XapunAdtepou entédov
éxovv emtiong links mpog 1o pivot key g primary Sickotaong. Edv pia kawvotpyta ovtétnta TOTIOL
Populated Place ewooxOei otnVv emkdAvyn, tdTe pia kavovpyta SevSpikr) Sopr Ba Snpovpyn-
Oei oe évav dAho kOpPo TG emkdAvyn Kat To root key yix Tnv TIpn Place Ba deixvel emiong
TIPOG avTdV TOV KOUPo. TNV Tepintworn mov eloaxel éva véo triple Trov mepiéxet TNV ovtoTnTA
2012_Summer_Olympics wg subject, T0Te Kat avtd Ba katainet otov kKOpPo Nodig kat Oa mpoote-
Bei 010 LTTApPYOV OévTpo (edv Sev vmapyet dN). H povn dwapopd eivat 611 8e Bar SnpovpynOei

éva link mpog to primary key, acAA& Ba mpootebei n avtiotoryn mietdda oto local database.

4.10 Emepotnon Ataocvvdedepévov Aedopévmv

To mpotetvopevo ovotnpa enekteivel T DHT lookup Aettovpyia ylo va moapéxet éva kata-
VEHUNHEVO UNXavIopd tkavd va evTomilel omotadnmote i Twv amodnkevpévmv triples. Epocov
10 oVoTNHa TipoopileTal yix Tnv amoBrikevon RDF triples, eivat avapevopevn n xprion SPARQL
yla TNV €MePOTNOT TwV artobnkevpévey dedopévwy. O Paoikdg Tumtog Twv SPARQL epwtnua-
TV aroTeeiTal artd S0 pépn: To SELECT Opo YlX TNV avayvoplon TV HETABANT®V 1oL Ba ept-
GaVIGTODV OTH ATTOTEAECUATA TOV EPWTHHATOG KAL TO WHERE OpO TIOU TIAPEXEL TO PACIKO HOVTENO
ypdpov mov Ba avtimapaPAnbei pe to ypdpo Twv dedopévav. H faoikr povada SPARQL epwtn-

HOTOG avapEpeTaL 6TO HOVTENO <subject, property, object>, 6TIOL UITOPOLV Vo Xprotporotnfovv
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HETOPANTEG avTi Yl CUYKEKPLUEVEG TIHEG Yia KADe €var armd Tar ovoTaTiKG Tov pépn. EkTog amd
T SELECT gpwtrpata, 1o SPARQL npdtumo [SPA] opilet emtiong kot GANOUG TOTTOUG EPWTNHATWY,
OTIwG ASK, DESCRIBE Kot CONSTRUCT epwthpata. Opmg divetal éldaom Hovo oTa SELECT epwThpa-
1o, 0eSOUEVOU OTL 1) APXLTEKTOVLKI) TTOL TTAPOVCLALETAL ETMIKEVTPWVETOL KUPIWG 08 TTAPAUETPOVG
TIOL apopOVV TNV KATaAVOUN TwV Sedopévwv HeTaED TOAATTAGV KOHPWV KAL TNV KITOTEAECUATIKT
delkT0d0TN O™ TOUG Yla TNV ETHAVOTN TWV EPWTNHATOV O€ €VA TIANPWG KATAVEUNHUEVO TTEPLBAANOV.

O BaotkoTEPOG TOTTOC EPOTNHATWY TTOL eival TV va Tebel 0To oo TN PITopel var TiepLéxel
elte pio povo TN eite éva ouvovaoHd TIHAOVY TTpog avalitnomn. O Bacikdg TUTTOG TOL EPWTAHATOG

IOV LTTOOTNPIlETAL ATTO TO TTPOTEIVOUEVO GVOTHHA €ival THG akOAOLONG HOPPG:
q = (7s, ?0, 7p, restrictions, measures)

OL TIpéG TwV HeTAPANTAOV s, p Kot 0 pitopel va xouv eite pia tpokaboptopévn Tipn 1 vor aItokT)-
OOLV TIUN KAt TNV €TAVOT TOU epwTHaToC. To ep@TNH UITOpEl Var TIEPLEXEL KAl TTEPLOPLOHOVG
yla TIG TIHEG oL {NTovVTAL Kot HETPTiOELS (measures) TToL UITOPOUV VA TTPOGOLOPLOTOVY YIX AV&-
ktnon. Ta measures avapépovtat o€ omoladnmote AN OXETIKN TTANpodopia Kal IBLOTNTEG TwV
OVTOTHT®WV TTOVL e{vat TUTTOV attribute 1} datatype. H mAnpo¢opia mov avapépetal wg measures dev
éxet detktodotnBei oto DHT Kat 1 ammoBrikevon kat n avéktnon tng yivetatr pévo améd ta local
databases. [ta mapadelypa, edv pia ovtdtTnTa oxetiCetal pe pio mepiAnyn, T0Te N MepiANYn avtr
arroBnkevetat pévo oto local database Tov képBouv oL aoBnKevEL TN CLYKEKPLUEVT OVTOTNTA.

To axdlovBo epwTNHA OXETIKA [e Ta campus TToL PpiokovTat oty Tomobeoia “Athens”:

SELECT ?s
WHERE { ?s dbpedia:campus Athens.}

elvat éva Paotko epOTnpa ToL ekppaleTal e TNV akdAoLON EoWTEPIKT LOPPT) TOL CUOTAHATOC:
(?s,“Athens”,“dbpedia: campus®)

Xe yevikég ypappég, n Paoikr) lookup Aettovpyia pioag DHT emkdAvyng emtpénel Tnv avd-
KTNoT €evOg avTikelpévou edv to hashed value Tov xpnowpomoibnke wg key kKat& TNV eloaywyn
Tou. Ed&v pior ovtotnTa mov xpnotpomofnke wg pivot value epwtdtatl, 16TE 0 KOPPOG TIOL €i-
vat uteBvvog Yl avTAV TNV T wopel va Ppedei pe éva arthd DHT lookup. Awxgopetikd, ot
unxaviopoi tov DHT dev eivat emapkeic ylax Tov evromiopd auvtig tng ovtotntag. Emumhéov, 1o
TIPOTELVOUEVO CUOTNUA ETUTPETIEL TNV TIPOCAPHOYT) TwV pivot levels cOUPwva pe Ta eloepxOpeEVA
epwTApATA. Adyw auTN§ TNG ILOTNTAC, £vag KOHBOG TTov BéTel éva epaTnpa Se yvwpilel edv KA-
Tota atd TiG {nNTolpeveg TIHEG avTIOTOLKEL Oe éva pivot value. H otpatnyikr mouv akolovBeital
otnv npotevdpevn mpocéyylon eivat 41t o kduPog armootéAet Stadoxikda lookups yior kaBe pia
artd TIG TLHEG TTOU TIEPIAAPAVEL TO EPAOTNHA EEKIVOVTAG aTTO TNV TIHH Tov subject. Edv pio lookup

Aettovpyia Oev eMIOTPEYEL KATIOLO AUTOTENECHA Yia TNV TLr) ToL subject, TOTe T0 emdpevo lookup
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adopd TNV TLpr ToL object, epodoov kat ot dvo TipEG opilovTal oTo epwtnpa. H Aoyikr) otn ov-
YKeKpLEVN avTipeTwrion eivat 6Tt ot lookup Aettovpyieg dev €xouv peydho k6oTOoLG SeSopévou
ToL AoyaplOuLKoL KOGToLG SpopoAdyNoNG oL TAPOLGLALoLY. AdYyw TOUL HIKPOD TOUG KOGTOUG,
1 extéleon evog emunpdobetov lookup eivat mpotipdTepn amd v powbnon Tov epwTHHATOG
og OAoug Toug KOpPoLG TNG emkaAvyng. Qotoco, ta DHT lookups 8ev emapkovv yia tnyv ermi-
Avon TV epeTNHATWY TTOL Sev Teptéxouv Kavéva pivot value. Ia avtd 1o Adyo, avantvxOnkav
TIo TTpoNYHéVES AetTovpyieg avalrTnong mov Hiopolv va xpnotpormotnfovy yla Tov evTomnmiopd
ormotaodnmote amodnkevpévng ovtdTnTag. Ot PACIKEG TEXVIKES Yl TNV avalnTnoTn TwV OVTOTH-

Twv oto PI4LD eival ot akélovbec:

Exact Match epotiipara: Ta epotipata mov apopovv omotodnnote pivot key mov pmopei va
epdpavifetal wg subject 1§ wg object avrikovv oTnV Katnyopia TwV exact match epwtnudTwy. Edv
pio ovtétTnTa MOL Avalnteital avtioTolxel oe éva pivot key, téte To DHT lookup yix tnv tiun
NG KATaA}yeL 0TOV KOpPO TToL eival umebBuvog yia autr) Kot avalnteital ) avriototxn Sevdpikn
dopn ylax TNV avdknon Twv oxeTikwv triples. Ot devdpikég Sopég xpnotpomotobvTaL HOvo ylo TV
eMiALON TOV EPWTNHATWY TIOL APOPOVV [ OVIOTNTA KAl TTwG ALTH OXeTIleTAL He TG LTTONOLTTEG
ovtotnTeg oTnv Llepapxia. Eva tétolo mapddetypa eivat éva epotnpa yia dAa o amrobnrevpéva
ktipla (buildings) (?s, Building,rdf:type) kat emhveTal KatevBeiav amd tnv mAnpodopia ov
niepthapPdvetatotny avtiotolxn devdpikn doun. e OAEG TIG UTTONOLTTEG TTEPUTTWOELG, TO EPWTNHA
OITOTLHATAL [ TN XPr)oT) TG TANpodopiag mov amtodnkevetal oto local database. Otav xpetaletat
va tebei To epotnpa oto local database kat To pivot key avtiotoiel otnv ovtotnTa ToL subject,
161¢ 1O local database Tov kKOpPov, Tov Kat&AnEe To epwTNHa, SlaBéTel OAN TN OXETIKA TIANpO-
popio. AlXPOpETIKA, TO epOTNUA TIpETEL va Tpowbnbei obudwva pe ta links tov Linked Table
TIPOG TA OXETIKA& KAEWOLE, woTe va epwtnBovv Ta local databases Toug yla Tnv TeA ik entidvon Tov

EPWTIHATOG.

Flood epwtiipara: Ta epotiuata ov dev meptéxouv kamolo pivot key Sev eivat Suvatov va
emAvBovv amd tn Aettovpyia lookup tov DHT. H pévn evalhakTii givat va artootael To epo-
TNHo o€ OAOLG TOUG KOUPOLG yia va yivel n) emeepyacia Tov amd Tov K&Be KOpPo pepovwuéva
KOl VO EMOTPAPODY T OXETIKA amote éopata otov kKOpPo mov é€0eoe To epdyTnua. Xto PI4LD
epappoletatl pia amhovotepn flood Siadikacia oe COYKPLON pe ALTHV TTOL TIEPLYPAPNKE YLot TO
LinkedPeers kot 10 epotnpa mpowbeitatl amd tov éva kOpPo oTov TANCLEoTEPO YeITOVA TOU HEXPL
va ¢pTdoel e OAoLG TouG KOHPoUG NG emikalvyng. Kabe koppog eme€epydletal Tomka éva flood
epoOTNHA TTOL AapPavel avalntwvTtag Tig devdpikég dopég Tou Kat To local database Tov. Avahv-
TIKOTEPQ, EAV TO epWTNHa TiEpAapPdvel Hovo pia ovtoTnTa, TdTE 1) artoOnkevpévn mAnpopopia
oTIG SevOpIKEG SOUEG ElvVAL EMTAPKNG YLX TNV ATIAVTNOT) TOU Kot €TOL ATTOPeDYETAL ) avalrTNON TOL
local database. X mepintwon mov avalntodvIal MEPIOCOTEPESG ATIO piot TIHEG, TOTE TO EPWTNHA

amavtiétat anevBeiog and 1o local database. Ot devSpikég Sopég avalnTovvTal pévo yia TNV va
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avakoAvpBel eqv K&TTOL ATTO TIG OVTOTNTEG TOL EPWTHHATOG PPIOKETAL O AVTEG OOTE VO EVILE-
pwBoUV oL aVTIoTOLKES EYYPAPEG TTOL SIATNPOVY TN GTATIOTIKN TIANPOPOPIX YLot TO CUYKEKPLHEVO
Sévtpo.

Indexed epwtruara: Katd 1 didprela ¢ flood diadikaciag, 6lot ot kKOpBot TG emikdAv-
YNNG EMEPWTOVVTOL Kol CLVETIOG pTtopeil va aflottotnBeil mepattépw 1 yvaoon Tou avaKaADTITETAL.
[ TNV ekpeTdAAevON AUTAG TNG YVOOTG TpoteiveTal 1) dnuiovpyia Twv soft-state detktwv. Oty
évag koppog amavta éva flood epwtnua, eréyyet av xpelaletat pia Aettovpyia re-indexing (dnwg
avapépetat otnv Evéotnta E.I1). Edv 1o ovotnpa amodacioet 6Tt pia Aettovpyia re-indexing Se
ouvvIoTdTAL, TOTE 0 KOHPOG 1oL Eekivnoe To epaTnpa Eexivdel T Stadikaoia yia T dnpovpyia
TV soft-state SeIKTWV yta ONeG TIG TIHEG TOV epwTHaTOG. EPpdoov éva flood epwtnua ¢ptavet oe
OA\oug Toug KOpPoug, prmopovv va BpeBovv ol kdpPot ov eivat vitevBuvor yia Tig devdpikég Sopég
TIOL TIEPLEXOLV TIG TLHEG TTOU UTTdpXoLV 0To gpwTtnia. O kdpPog initiator exivael tn Stadikaocia
NG Snpovpyiag Twv delkT®mV Tapdyovtag Ta keys Twv {NTOOHEVWY TIH®OV Kol 0TI GUVEXELA TA
eloayet otnv DHT emikalvyn padi pe toug koppoug mov eivat vmevBuva yia avta. Otav éva epo-
TNHa Yl pia Setktodotnpevn ovtdtnta Eekivael, T0Te evTomileTal o KOpPog mov eivat utevBuvvog
yta 1o JeikTn Kal To epwTnpa powdeital anevbeiog otov KOpPo (1) KOHPOLG) TTOL €ival vITEL-
Buvol yix To pivot key (1} pivot keys) Tng cuykekpipévng Tiunc. Edv n Seiktodotnpévn ovrotnta
eppavileTal wg éva object kat xpetaletat va epwtnBei 1o local database, ToTe oL kKoot Tov éNa-
Pav 1o epwTNHA amavToLY e TI¢ Tormobeoieg Tov primary dakTuAidion Tov oxetilovTal pe TN
deiktodotnpévn ovrdtnta. To epwtnpa mpowbeital oe avtovg Toug KOHPOLG TTOL aTTELOHVOVTAL
oto local database Toug yia TNV TeAIKT) emMiAVOT) TOVL EPWOTHHATOS.

Onwg kat oTig iponyovpeveg pedddoug, ot koppol tov amodnkevovv pia SetktoSoTNHéVN
ovtétnTa ota local databases Toug mpémet va yvwpilouv v Umnapén evog Seiktn. H Sumhr ka-
TevBuvon Twv delkTOV elodyeTal povo Yl va eaxodpaliotei n ovvoxn Twv dedopévmwy, av Kat ot
Seikteg eivat soft-state. Katd tn Sikprela Twv Aettovpylwv re-indexing, ot Tomofecieg Twv amo-
Bnrevpévov mielddwv alldlovy Kat ot Seikteg TTOL OXeTIlOVTAL He AUTEG TIG TINELADEG TIPETTEL
elte va evnuepwBoiv yia Tig véeg Tomobeaieg 1) va Staypadolv amotpénovrag €Tot TV Lapén
1N €YKLp®V OEIKT®V. ATIO TIG 000 aUTEG eVAAAKTIKEG éxel emtihexBeil n Staypadr) Toug, KoTte va
artopevyBei n av€nomn g moAvmAokdTnTag ToL ovoTHpaToq. Kabe lookup yio pio Setktodotnpé-
v Tiun avaveovel TNy Tt Tov TTL kat oTig 0o TAeLpEG TOL deikTn Kat HOVo ot £yKupol SeikTeg
Saypapovtal kata T Sidkprela Twv Aettovpylov re-indexing.

Yoppwva pe TNy Katavopr TV triples oto Zxnua f.23, éva epatnpa g popdng (“Building’,
“SportsEvent’,?p) eivat éva exact match epotnua mov enthvetat oTo primary ring, dtav 10 epw-
TNHO GTAVEL GTOV KOpPO TT0L eivar vevBuvog yla To pivot key Building. Ao Tnv GANN TAev-
pa, éva epwtnua (“Stadium’y'SportsEvent’;?p) eivat éva exact-match epotnua mov emAvetal oe
éva secondary Saktulidt kat xpetaletal va mpowdnbei otov kOpPo mov eivat vtevBuvog yia To

Building wote va amotipnOei oo local database tov. Otav tifetat 1o epdnpa (“Stadium’,?p,?0)
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yla TpOTN Gpopd 0TO CUOTNHA, TO EPWTNHA AVTO ATTOCTEAAETAL € OAOVG TOUG KOHPOLG TOL Ot-
KTUOV. OU®G, TIG EMOUEVEG GOPEG TO EPWTNHA ALTO eMINVETAL WG €va indexed epOTNpA Y 660

Sikotnua 0 SeikTng ylor To Stadium eivat £ykupog. Télog, a&ilet va onpeiwBel OTL éva ep@TnHa

SELECT ?Stadium ?Event

WHERE { ?Stadium dbpedia:tenant ?Event.
?Stadium rdf:type Building.

?Event rdf:type Olympics.}

Y 'Y

AVATTHPLOTATOL WG €va eviaio epwtnpa pe T popdr (“Building’;'Olympics’'dbpedia:tenant”) yia
va emAvOei artd 10 GVOTNHA, AAAE TAVTOXPOVA TIPOTdLOPIleTAL OTO EPOTNHA OTL ONEG OL OVTO-
TNTEG TOU CUYKEKPLHEVOL TUTIOUL TIPETIEL VA ETILIOTPAPOVV WG ATIAVTNOT).

To epwTtriporTa TOL EKTEAOVVTOL OTO CVOTNHA LETAPPALOVTUL OTNV ECWTEPIKT XVATIAPAOTA-
on Tmov Teptypddnke. ITapd 10 yeyovog OTL oTtoladiIoTe TIPONYHEVN TEXVIKN Yl TN BEATIOTO-
noinon Twv joins (join optimization) dev éxel vAomonBei akdpa, dnwg n Xprion CTATIOTIKGY,
[OTOYPAHUAT®Y, KATL., KATIOLA XAPAKTNPLOTIKA TV TIEPLYPAPOUEVOV UNXAVIOU®V SelKTOOdTN-
ong ptopovv va aflomotnBolv Katd TNy eMiAvoN TV EPWTNHATWV. ZOUPWVA [E EYYEVT) XAPA-
KTnplotik& Twv RDF kat SPARQL, n eniAvon 800 yevikov KAACewV epwTnHAToV avalbeTtat. Mia
HEYGAN KaTnyopia apopd T& EpWTANATH TTOL artotehovvTal arto “star-shaped” vmoepwtripata
Kot ovvdvalouv Sikpopa properties TG idlag ovTOTNTAG. Xe AUTH TNV TEPIMTWON StadoxIKA
lookups extedobvTal yia TIg ovtdTNTEG LITO AValTNON PEXPL va Ppedel kKdTolx atd avTéG va
eppaviletal eite wg pivot key eite wg detktoSotnpévn ovrdtnta. Otay pia ovrétnTa Ppebdei, TO-
Te OAOKANpO TO gpwTNHa amoTipdtat oto local database eite katevBeiav (eqv n ovtoTNTA TIOL
BpéOnke epdaviletal oto subject Tov epwTApATOC) gite petd amnd nmpowbnorn. Mia &AAN peydn
Katnyopia eival ta epwTApata pe “ekppacelg povonatiot” (path expressions), Sniadn pe alv-
0ide¢ (“chains”) and triple vogpwTrpATA, OTTOL TO Object TOL TPAOTOL LTTOEPWTAHUATOG ATTOTENEL
10 subject TOL EMOUEVOL LTTOEPWTHHATOG, TI&AL e Ta (Sl properties. E&v éva triple mepihapPdvet
10 property rdf:type, auTd eival L0OSUVAHO He TI) CLYXOVELOT) TOL CLYKEKPLUEVOU triple pe TO
APECWG ETIOHEVO KL CUVETIMG XPELALETAL VO EKTEAEOTOUV ALYOTEPX jOins 0T ATTOTEAETUATO TIOV
VOKT@VTOL OTO TIEpLypadopevo obotnua. H otpatnyikn mouv akolovBeital yoo Tnv amotipnon
TETOLWV EPMOTNUATWV eival 1) évapEn Tng emiAuong TOUG AITO TO LITOEPWTNHA TIOL TIEPIAApPdvel
OVTOTNTEC e CUYKEKPLHEVES TLHEG KoL YL TO OTT0I0 XPELALETAL ) AVAKTNOT) TWV ATTOTEAECUATWV

HE TO HIKPOTEPO aplOpO.

4.11 Tlpoocappoyn tng Aeiktodotnong avaloya pe ta Epotipata

To PI4LD Siatnpel 10 Paoikd XapaKTnploTIKO TTOL TTEpLypadnKe Kat yio 1o LinkedPeers, 6n-

Aadn) vo avTdapBAaveTal TIG TAOELG TV EPWTNUATOV. [lot auTO TO AdY0, LAOTIOLODVTAL Kol O€ ALTO
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ot punxaviopol yio Tig Aettovpyieg roll-up ko drill-down. H exkivnon tng Stadikaoiog yio tn Ay
andPpaong OXETIKA (e TN XpnotpoTnTa picg Aettovpyiog re-indexing Sexivdel peta amnd éva flood
1} indexed epwtnpo. Avalvtikdtepa, 6tav yivetat flood evog epwtripatog, tdT1E A0l oL KOpBOL
™G eMKAALYNG AapPAVOLV TO ep@TNHA Kat avalnTodV Tig devdpikég dopég Toug yia va ava-
KaAOYoLV edv pia miBavr Aettovpyia re-indexing oto eminedo ¢ {nrovpevng ovtdTnTaG eivat
KATAAANAN oVppwva pe TNV TTAnpopopia tov diatnpovv. Edv ieploodtepeg ovidTnTEG TIEPLEXO-
VTOL OTO EPATNHA, TOTE eival TOAVO VA eKTEAEGTOVV TTOAMAITAEG KL TAVTOXPOVEG AELTOVPYIEG
re-indexing oe Siapopetika daktulidia. Otav emilvetal éva indexed epwtnpo amd évav Koo
KOl 0 CUYKEKPLUEVOG KOpPOG éxel AdPet évay TipokaBoptopévo aplOpd amod epotrpata fdoet evog
KUALOPEVOL TIApaBUpOL epWTNHATWY, TOTE N TOAVATNTA Yo re-indexing Tpog TO avTioTOLXO €TTi-
nedo ¢ SetktoSoTnuévng ovtoTnTag StepevvdrTalt.

Eav éva drill-down mpog éva enimedo mouv Ppioketal xaunAdtepa ammo éva pivot level ama-
Teltal, TOTE 0 KOUPOG TIOL avixvevoe TN (TNon TMPOXWPAEL OTIG ATTAITOVUEVEG EVEPYELEG, OTIWG
nieptypadetat otnv Evotnta f.5. Otav pia tipr mov potdrat avikel oe éva eminedo mov Ppioke-
Tt vYnAoTepa amtd To pivot level, ToTe k&Be KOpPOG TTOL AapPdvel To flood epHdTNUA EAEYXEL
edv éva roll-up Ba elvat emikepdég GOHPWVA HE TIC TAOELS TWV ELCEPXOUEVWV EPOTNHATMV KAl
av auTo LoXVEL, TOTE KaTaypadel TV €vOel€n auTr) 0TNV andvInon Tov Tpog Tov initiator Tov
epwTApatos. Otav o kKOpPog initiator cUANECEL OAEG TIG ATIAVTTOELG Kot avaKOADYeL OTL TOUAGKL-
oTov évag KOpPog éxet (ntrioet va e€ataotei n mbavotnta evdg roll-up, 161e 0 kdUPog initiator
oLAMEYeL TTANpodopia amtd GAoug Toug KOUPoLG Kat amopacilet edv xpetaletal éva roll-up 1 éva
group-drill-down obpgwva pe ™ Stadikacia mov meptypdnke otig Evornreg B.5 kat f.5. Mia
mapatrpnon oxetikd pe To PIALD agpopd 1o yeyovdg o1t to idto pivot key propei va epdpaviletal
oG subject o€ peptka triples kot wg object oe pepikd AN AT €xel WG ATTOTENECHA TNV EVIHE-
pwon TV links avapeoa otig primary kat secondary StaoTaoeLg Kot TTpog TG S00 KaTeLBLVOEL,
dnAadr) 1600 Ta pivot levels yio 1) secondary Sidotaon otig mAeddeg Tou local database 600 Kka

ot eyypadég twv Linked Tables evnuepwvovtat.

4.12 Tlepapatikn AEloAoynon

4.12.1 Tevikn Ieprypadn tng IMepapatikng Awxdikaoiag

To mpotewvduevo cbotnpa vAoToLeitat Bact{Oevo e piot EKTEVOS TPOTIOTIOMHEVT €KSooT
tou FreePastry [Fre], av kat Ba pmopotoe va xpnotpornowmnBei omotodnmote mpwtoKoAAo OV
epappoletat yia mn Snpovpyia twv DHT emikadyewv. Ot kOpPot Tov cuoTHHaTog PpLhofevol-
VoL oTto StapopeTikd pnxavipata pe Xeon enefepyaotn ota 2GHz kot 8GB pvrpng, Ta omoia

éxouv eyKateoTnpévo éva 64-bit Debian Linux muprjva. Ot kopPot Siacuvdéovtal pe Gigabit
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Ethernet kat emikovwvovv e FreePastry sockets. Ztn mpoemileypévn metpopatikn Siktaln exte-
AéoTnKay TIEPAHATA O pio EMIKAALYT TIOL aTtoTeNeiTal artd 16 KOpPouG.

To local databases yia kéBe kdppo €xouvv eykateotnuévo o Aoytopiko SQLite [SQL]. To oxn-
Ha TTOL XPNOLHOTIOLEITAL Eival €vag ammAOG THVAKAG; éva TTLo TToAUTTAoKO oxnpa Ba pmopovoe va
xpnotpornoinBei wote va Pedtiwdel n amddoon katd v avaktnon tov dedopévwy. Qotdoo, 0
0TOX0G NG TElpAUATIKAG aftohdynong eivat 1 emidel€n Twv MAEOVEKTNHATWV EVOG eVOTTOL|Lé-
VOU Kal KaTavepnpévou ocuoTipatog detk1odotnong yia moAamhég RDF amoBrikes. H pelétn
NG Pertioong g amodotikdTnTag TOL CLOTHHATOG AMOYw TwV local databases eival ekTOg TwV
OTOXWV TNG OLYKEKPLUEVNG aELOAOYNONG.

H mpocéyyion mov vioBeteital oto PI4LD cuykpivetat pe pia Siktaln mov amoteleitat amd
pia kevtpikn amobnkn (mov cupPolileTal wg VirtStore ota Lxrpota), n omoio dnuiovpyrdnke
e xprion tov Virtuoso Open-Source Edition version 6.1 [Vix], Sn\adr| piag kevipikomotnpuévng
Aong y ammofrkeg tov triples mov mpoépxovtal and RDF dedopéva. H ovykekpipévn amo-
Bk eivat pia Snpodpng Avomn avolkTol K®SIKa yia TETolo idoug dedopéva, evmd To AOYIOHLKO
Virtuoso xpnotpomnoteital wg pia back-end Avon yia tn paon dedopévmv Tov onueiov mpdoPaocng
tov DBpedia [DBpal. [a tn dnpiovpyio TnG KeVTpIKNG armobKng XpnotpomoLeital n TpoeTAeY-
Hévn pvOuion Tov Debian amoBetnpiov (repository). Ta epotrpoata oTnV amodnKn yivovtat amod
évav TTEA&TN TToL Pprhoeveitatl o€ Eva SlapopeTiko pnxavnua. Emiong, ta epotipata ektehovvtal
He Tn xprjon tou Virtuoso Jena provider [Jen], evdg mAfipwg Aettovpytkov Native Graph Model
Storage Provider mov emitpénel 0TIG ePpappoYEG TOL Znpoacloloyikov Iotol va Bétovv epwtrpo-
1o aevBeiog oe pia Virtuoso RDF amoBrkn. TTptv améd tnv ektéheon piag opddag epwtnpdtoy,
To oUOTNHA LITOXPE@VETAL VA “adeldael” ONeG TIG TIPOCWPLVEG Uvripeg Tou (caches) kat yivetat
emavekkivnon g Paong dedopévav ylo TNV eKKaBApLoN TV ECHOTEPIKMV, TIPOTWPLVAV UVIHOV
™G. Katda tn Siépkela evog oUVOAOL epwTNHATWY, 1 fdon dedopévmv XpnoLHoTIOLel KAVOVIKK TIG
EOWTEPLKEG, TIPOOWPLVEG TNG VT HLEG.

H obykplon tov §0o cvotnudtwy ekteréotnke pe T Xpron dvo RDF cuvolwv Sedopévwv
(Evotnta f.12.7) kat petpriBnkayv ot xpovol andkplong yla SlapopeTikovg TUTIOVG EPOTNHATOV,
omwg meptypadetal otn ouvvexela (Evotnta f.12.3). Ot xpdvol Tov avamaplotovIal eivat ot HEool

opot 1000 emavoAryewv, eKTOG Kal arv ONA@VeTot SlpOopeTIKA.

4.12.2 XOvola Aedopévav
To LUBM X0volo AeSopévav

To Sedopéva mov xpnolpomnolovvTal Yl T PaoIKH O0YKPLOT OTA TIEPEHUATA TTOV TTAPOVOLK-
Covtat eivat To Lehigh University benchmark [GPHO4] (otn ouvéxela avadépetat wg LUBM).
To ouykekpipévo petpompdypappa (benchmark) mapdyet cuvBetikd obvora dedopévwv omota-

dnmote peyéBoug oVpPwva e pio povadikn Kal pealoTiKr) ovToloyia, eve Ta Sedopéva avtd
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aVTIOTOLXOVV O TTANpodopia TToL cLVAVTATAL 0TOV aKadNHaiko Topéa. H LUBM ovtoloyia, ov
Kal Oev eivat TTOAD peydAn, xapakTnpiletal ammd tnv 1oTnTa TNG var TEPLEXEL VA UKPO aplOpod
Sl popeTIK®V TIHWV 0TO YeVIKOTEPO eTinedo, evw eival eCatpeTikd “evpeia” aTo emimedo Twv GpUA-
Awv (dnhadn o1o emnimedo Twv Mpaypatikdv ovtotitwy). To benchmark mephapfavet kat éva
00OVOAO SLAPOPETIKWV KATNYOPLOV EPOTNHATWY, OL OTIOIEC SLAPEPOLY WG TTPOG TNV TTOAVTTAOKITH)-
To Kot TNV eMAeKTIKOTNTA (selectivity). Eva onpavTikd XapakTnploTikKo TV EpOTNHATOV AUTOV
elvat OTL pepiég armo Tig Katnyopieg mpoimobétovv va AngOel umdyn n oxéon rdfs:subClassof
HeTa L Twv evvoldv. H ouyKkekpipévn ISI0TNTA aVTIHETWITIETAL AVTOUATA OTTO TO TIPOTELVOHEVO
ovotnpa. Lo Ty melpapatikn a€loAdynorn, xpnotponoleital éva cvolo dedopévwy o armote-
Aeitat amd 100 maverotrpia pe 18 StapopeTika katnyoprpata (predicates) Kot eTOHEVWG EXOLY

napayOei 13.5M triples. To mpoemieypévo pivot level eivat o €s.

To DBpedia X0volo Aedopévav

21V afloAGYN 0T TOL CUOTHHATOG TTOL TTAPOVCIALETOL XPNOLHOTIOLE(TAL EVA TTPAYUATIKO GU-
volo dedopévwv and 1o DBpedia mpdypappa [BLKT09]. Ta cvykekpipéva Sedopéva meptéxouvv
nAnpogopia ov éxet e€axOei amd To Wikipedia, eved €xet A&Pel xwpa pia peyahn mpoomdBeta yia
v Katnyoplomoinomn tng mAnpodopiag. H ovykexpipévn ovroroyia [DBphH] amotelei pio “pn-
X1 datopetaxr ovroloyia, 61ov 1 MAeloYndia Twv KAAS®V TNG £€X0UV TO TTOAD 3 SLaPOpPETIKE
enineda. To ovvolo dedopévav Tov xpnolpomoBnke ota melpdpata amoteleital and triples
110V OpifouV ToV TUNWV TwV ovToTHTWV (SNAadH triples Tng pop¢rg < Sobject rdf : type $class >
IOV TIpoEKLYaV aTtd TNV e€aywyr Pdoet TNG ovioloyiag) Kat triples mmov meplexovy Katnyopieg
amtd 1o namespace TG ovtoloyiag. Ta triples mov meptypddpovv ovyKekpipéva properties piog
ovtotntag dev éxouv ovpurepandBei, O titles, abstracts, images, geographic coordinates, KA.,
dedopévou OTL auTa Ta triples amoBnkevovral Kat avaktovTal poévo amod Ta local databases twv
KOpPwv. To ohvolo Twv dedopévwy amoteleital and 6.7M triples yia Toug TUTTOVG TWV OVTOTH-

TV Kat 8M triples yia Tig utolowna predicates.

4.12.3 TIleprypadn tov Epotnuatev
Ta LUBM Epotipata

‘Eva 60VONO evvEd OLOLAOTIKWV EpWTNHATWV SnpovpynOnke Pacet Tov LUBM benchmark
KOT& TN 6VYKPLOT TOU TTPOTELVOHEVOL CUGTHUATOG He TNV KevTpikn arodnkn. Ta epwtipata ov-

Ta 8ev eLVoOLV IBLiTEPA KATIOLX OLYKEKPLUEVT) aTToBnKevTIKN ADoT Kot Sev amatovy TOAOTTAOKO
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oxedlaopo yua v enivon toug 2. K&be katnyopia epotnpatev meptypapetal AemToHepOS 0N
OUVEXELOL:

Query 1 (LQ1): H ovykekpipévn Katnyopia epoTNHAT®WY GTOXEVEL OTNV €VPECT] OTTOLOdT-
TIOTE person Tov TUTIOL GraduateStudent, To OTT0i0 OXeTI(eTaL e éva oCLYKEKPLHEVO course (e.g.,
GraduateCourse®) oUpPwVA pe TN oxéon takesCourse. H emilvor evdg T€TOL0L EpOTAHATOG EeKL-
vaet amnd v avalritnon g Tien¢ GraduateStudent. Edv Sev emotpadoiv anmotedéopata, T0TE N
TIpr Tou course avalnteital kat av dev avTioToly el oe pivot key, TdTe T0 epOTNHA AVTS eMIADETAL
w6 flood epwtnua.

Query 2 (LQ2): Eva epatnua NG Katnyopiog autng avadépetal oe OAa ta publications
TIoL oyeTilovTal pHéow Tov property publicationAuthor pe pio cuykekptpévn tipr professor (e.g.,
AssociateProfessore). H diadopd pe 1o LQ1 eivat 6Tt ) kKA&on Publication €xel pio evpeia te-
papyio.

Query 3 (LQ3): Ta epoThpaTa AUTAG TNG KATNYOPING GTOXEVOLY GTNV AVAKTNON TG TTANPO-
popiog mov oxetiCetal pe évav professor mov oxetileTal péow Tov property worksFor e éva gu-
ykekpipévo department evog university (i.e. Departmente). Emntiong, epwt@vTtat TOAQTAG proper-
ties piog KAAONG Kol Tar TIEPLOCATEPA ATTO AVTA T properties xapaktnpilovtal amd to OTL O
dtaovvdéoovv éva subject pe aA\eg ovToOTNTEG: Yia avTd TO AGYO 1) OXETIKN TTANpodopia arrodn-
KEVETAL HOVO TOTIK& GTOV KO[BO TOL GUYKEKPLUEVOL professor (TT.X., TO property yla To name Kot
TO aVT{OTOLXO Yl TO emailAddress). Emiong, To epwtnpa auto mpoimoBétel 6tL AapPdvetatl vmo-
Y1 1 oxéon rdf:subClass peta€ NG KA&ONG Professor Kal Twv vITokAdoewv Tn¢. H dtadikacia
G emilvong Eexivdel amd Tnv avaliTnon TV TIU®V oL TTEPLEXOLY TO property worksFor.

Query 4 (LQ4): H xatnyopio autr) TTEPLEXEL EPOTAHATA YL TNV EVPECT) OAWV TV Professors
1oL ouv&£ovTal pe To worksFor property (e éva ovyKekplpévo department evog university (m.x.,
University®) Kol emAEYeL KATTOL OVTOTNTA TUTIOV Professor HOVOo eqv eivat Kot Chair evdg depart-
ment. A€iCel va onpeiwBei ed®, 6TL TO Department Kot To University BpiokovTal o1o {Slo eminedo
ot LUBM ovtoloyia. Katd tnVv enilvon Tov ouyKeKpLUEVOL TUTTOL epWTHHATOG evToTilovTal
npoTa OAa Tar departments evOg CUYKEKPLHEVOL university Kat 0T cuvEXelX avalnToOVTaL ONeG
oL OVTOTNTEG TUTIOL Chairs Tov K&Be department.

Query 5 (LQ5): Xe éva epOTNHa aLTHG TNG Katnyopiag evromilovial OAa Ta persons mov
ovvOéovTal [e TO property memberOf pe éva cuyKekplpévo department (m.x., Department®) evog
university. H ekté\eon autol TOU epOTAHATOC HITOpPEl va Yivel “TapdAANAa’, edv TO epOTNHA
XWPLOTEL 08 OVO LITOEPWTHHATA TIOL AVTIOTOLXOVV OTIG LITOKAGOTELG TOL Person. AeSopévou OTL
oL IepLoooTEPEG 0vTOTNTEG TOL LUBM GcUuVvOhou Sedopévmy KAnpovopoUv TNV KA&o™ Person, 1)

OULYKeKPLHEVT Tiun €xel apatpebei ad To root level. Autd €ytve kote va amodevyBein dnuiovpyia

*Orteyvikég oxedlaopob yla v entlvon Tev eputnudtey (query planning techniques) ptopoov va epappootodv
TV aTtd To TIPOTEVOpEVO oV TN A SetkTo8OTNOoNG. To GUYKEKPLHEVO GUO TN 8E OTOXEVEL O€ EPWTHHATA IOV OTTAlL-
TOUV TETOLEG OTPATNYIKEG.
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piog tepapyiag moANamAwy emédwy, dTTov CLYKEVTpWVETAL 1) TTAelOYNdia TwV triples oe évav
HOVO KOUPO edv ekTereoTel pia Aettovpyia roll-up mpog to root level. Ta amotedéopata yia kaBe

UTTOEPOTNHA ETUOTPEPOVTAL GTOV KOUPO TTOL €0€0€ TO EPAOTNHA KAL 1 £€VWOT) TOLG TTXpOLGLtadeTal
oTO XprjoTH).

Query 6 (LQ6): H katnyopia avtr) apopd TNV e0PEST) OA®V TV OVTOTHTOV HiOG CUYKEKPL-
HEVNG KAGONG 1) UTTOKAGONG, EV® OL OVTOTNTEG AUTEG prtopel va epdavifovTal eite wg subject eite
w¢ object. [a mapdadetypa, o otdx0¢ Ba Limopovoe va eival 1) eDpecn OAWV TV HEADV TNG KAAONG
Student 1) TNG UTTOKA&OTNG UndergraduateStudent. H emiAvomn Tov epwtipatog mapovotdlel T pi-
KpOTEPT TTOAUTTAOKOTNTA, AoV HOVO oL SevpLég SopEG TIOL TIEPLEXOLY AUTHV TNV TLUN TIPETEL

VA EVTOTILOTOVV Kol V& EMGTPAPOVV 0L OVTITNTEG TOU XapnAdTePOL emumédov.

Query 7 (LQ7): O okomog £vOG TETOLOL EPWTHHATOG EIVAL I AVAKAALYN OA®V TwV Students
TIoL oLVOEOVTAL He TO property takesCourse [e T courses TTOL SIOAOKOVTAL ATIO éva GUYKEKPL-
Hévo professor (.x., AssociateProfessor®). L& auTAV TNV Katnyopia To Course gupaviletal md-
vta ¢ object ota epwtrpata. Kata tnv emilvon Tov epothpatog, fpiokovial dOAa Ta courses
eVOG OLYKeKPLHEVOU proffessor apXIKA. X1 cLVEXELX, AVAKTOVTAL Ol OVTOTNTEG TTOV €ival TOTIOL

student kot oxetiCovTal pe Ta courses oL £xouv Ppebel.

Query 8 (LQ8): H katnyopia autr eival mapepdpepnq (e TNV TTPONYoLHeVN Katnyopia, al-
A& mtapovaotdlel avénpévn molvmAokdtnta. Eva epdtnpa tng avalntd 0leg Tig ovtoTnTEG TO-
TIOL Student TTOU eival PéAN OAWV TwV Departments, Ta OTTO(X e TN OELPE TOLG CUVSEOVTAL [LE TO
subOrganization e €var OUYKEKPIHLEVO university. e autd TO epOTNUA, TOo department epdovi-
Cetat kol ¢ subject kat wg object. [a TNV €MAVON TOL EPWTAUATOG, ATTOGTEANETAL XPXIKA €V
UITOEPWTNHA YIa TNV eVpeot) OAwV Twv departments TOL CUYKEKPLUEVOL university mov poadio-
pileTal 010 epOTNHA. ETN OLVEXELR, EKTEAEITAL £VOL UTTOEPWTNHO YL TNV AVAKTNOT) TwV students
Twv departments mov Bpébnrav oto mponyovpevo vmogpwtnpa. EQooov, n Tipr Student ovTi-
oTtolyei o€ root key twv primary keys, To vmogpwtnpa avtd emilvetal avta oTnVv primary Sid-
otaon. O vrtapyov root index (e&v n Tipn Student dev avtioTolkei 1 (St e root key) mpow0ei To
UTTOEPWTNHO OTOVG KOpPOULG TToL eivat urtevBuvol yia Ta triples mov mepiéxouvv tnv Tipn Student
w¢ subject; ot kéuPol avtoi pwtovv Ta local databases Tovg ylx TNV avaxTnon TwV OVIOTHTWV

IOV efval TOTTOL Student Kat cuvE€ovTal e Ta courses oL PpEOnKav.

Query 9 (LQ9): H katnyopia avth mepiéxel eptripata mov avalntodv dAeg TIG ovToTn-
TeG TOTIOL student 1oL cLVOEOVTAL PECW TOU takesCourse pE €V GUYKEKPLUEVO course (TLX.,
GraduateCourse®). Eva Té1010 epmTnpa emlvetal eite wg indexed epotnpa eite wg exact match
epwTNHa oto primary SakTulidt, ot éxet xpnotpomoindet To root level wg pivot level katd tig
APXIKEG ElOAYwYEG elTe dTav Ta SEVTPA e TNV TLU Student éxouv ekTeléoel pia Aettovpyia roll-

up Tpog To root level.
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Ta DBpedia epotipata

AapBavovtag vmoyn ot dev vmdpyet karoto benchmark yiax ta DBpedia 8edopéva, ta epo-
tpata Tov FedBench benchmark suite [SGHT11] mov avagépovtat oto DBpedia éxovv mpo-
oappooTteil. Tot epOTAHATA AVTH EMKEVTPOVOVTAL OTNV AVAAVOT TG ATTOTEAECUATIKOTNTAG TV
federated otpatnyik®v emiAvong epwTNUATOV yia onpactoloyika dedopéva. Aappdvovtag urod-
yn ta oevdpla tov FedBench oxedidotnke pia opdda amo €€t StapopeTid epoThpaTa pe Stado-
PETIKO péyefog ammoTENEOUATWY:

Query 1 (DBQ1): AvtA eival pio Katnyopia amAdV ep@TNHATOV TTOL avalnTé OAEG TIG OVTO-
TNTEG TTOL KANPOVOHOUV TNV KAAOT) President, 1) omoia avrjket oo emninedo €2 g DBpedia ovto-
Aoyiag.

Query 2 (DBQ2): O 016X0G £vVOG TETOLOU EPWOTHHATA €ival 1] EDPEDT) OAWV TWV OVTOTHTWYV
TUTIOUL President TTOL €XOUV €va OULYKeKpLUEVO nationality (e.g., United States) kot Ta political
parties oTa omoia arvrjKouv.

Query 3 (DBQ3):'Eva epwtnpa avtrg tng Katnyopiag Ppiokel kkbe ovtoTnTa TUTTOUL Politician
Kal TG opadorotel avaloya pe To Country TOU oTtoiov eival residence.

Query 5 (DBQ5): O 0komog evG EpWTHHATOG VTG TGS KATNYOPIAG eivat | avaKkTnor dAwv
TWV OVTOTHT®WV TIOV eival TOTIOL AmericanFootballPlayer pali pe ONeg TIG OVTOTNTEG TOTTOU Team
TIoL OXeTIOVTAL KL TIG OVTOTNTEG TUTIOL City TTOL CLUVOEOVTAL HE TIG OVTOTNTEG TUTTOL Team. Av-
16 TO epOTNHA HITopel VA XwploTel oe SV dladopeTiKd epwTHpATa Ta omoia Ba ekTeAeoTOOV
napaAAnia. To mpwto epoTnpa Ba avakTrioel GAovg Toug TaiKTES Kat TIG Opddeg, evw To deb-
Tepo GUM\EYEeL Ta ammoTeNéopaTa Yoo OAa Ta teams Kal Ta avtioTolxa cities. Otav Ppebolv ta
OUTOTEAEOUATO KAl Y1 Tt OV0 EPWTHUATA, TOTE AUTA CLYXWVELOVTAL OTOV KOpPO ToUL €Be0e TO
EPWTNHA.

Query 6 (DBQ6): Eva ep@tnpor auTr g TNG KATNyopiog apopd Hovo Tig ovTdTNTEG TUTTOL Team
TIOL GUVOEOVTAL [E HLX CLYKEKPLUEVT) OVTOTNTA TUTTOU Team (T1.)., Baltimore). Eva epotnua avtrg

G Katnyopiog propei va BewpnBel wg vmoepdTNHA TNG TTPONYOVHEVNG KATNYOPING.

4.12.4 Melétn tng Amodoong yia 116 Atdpopes Kartnyopieg Epotnuatev

O xpdvog amokplong Twv epwTnUdTov mapovotdletal ota Zxnuata f.24, f.25 kot f.27 yx
ONeC TIG KATNYOpieg EpWTNHATWY TTOL Tieptypadnkav otnv Evornra f.12.3. To avtd Ta metpapa-

T apdxOnkav epwtipata drtov €xouvy Si&kPpopeg TIHEG Yl TIG oTabepEg TTOL pwTiovvTaL (TT.X.,
GraduateCoursed, AssociateProfessor, KAT.), oL omoieg emAéxOnKav Tuxaia ard TovG aTmoYo-
VOUG TTov oxeTiovTal fe Tov TOTIO TToL opileTal oTnV avTioTolXn KATnyopia epwInUaTwy. Emi-
ong, vroloyioTnKay ot péoot xpdvol andkptong yx 1000 emavadryels. Evag mehatng (client)
Bétel epwTpaTa KAl 0Ta VO CUCTAHAT KAL TIEPLHEVEL HEXPL VA ETIOTPEYOLV TA ATTOTEAECUATA

npLy Béoel éva vEo epdTNA. [ TNV KEVTPLKOTIONHEVT TIPOCEYYIOT) KATAYPAPETAL KOl O HEYIOTOG
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XPOVOG aITOKPLOTG AVA EPWTNHO: O XPOVOG UTOG VTIOTOLXEL 0TO XpOVO TIOL T TELTOL Ylo TNV
TIPWTN EPWTNOT), OTIOL TO VO TNUA eV €XeL ATTOBNKEVOEL TIPOCWPLVE KATIOLX ATTOTEAECUATH WO TE

VO oIV T YPNYOPOTEPH OTA EPWTHHATA TTOL AKOAOLBHODV.

Query Cat. || LQ1 | LQ2 | LQ3 | LQ4
Avg. rows 4 14 29 20

I
8000 H
2] EEEE PI4LD
E 7000 (— VirtStore |
B/ [ VirtStore_Max time
g 6000 |
[
Q 5000 |
17
[=
& 4000 |
72
[P]
p, 3000 - |
>
B 2000 — Ea B
=
o 1000 . |

LQ1 LQ2 LQ3 LQ4

Sxqua 4.24: Zoykpion tev xpévev amédoong(ms) yix Ti¢ Katqyopies epwthudrwv 1-4 tov LUBM
benchmark

To Zxfpa f.24 ametkovilel To xpdvo ammdKpLonG Yia TIG KATNYOPIES TV EPWTNUATWY TTOU &i-
val Kupiwg TnG Hopdng (s, o, p), d1tou 1o subject {nteital va eivat evog ocuyKeKplpévou TUTTOU.
Emumhéov, autég oL Katnyopieg epwTnudtwy €Xouv tiKkpr eicodo Kat peydaho selectivity. £to Zxn-
Ha f.25, Ta epwTAHATA TV KATNYOPL®V TTOL T povatdlovTal eival TEPLOGOTEPO TTOAVTTAOKA KAl
eMOTPEPOLV peyalUTePO aplBpo amotereopdtmv. O pécog aplBpdg Twv triples mov emotpépo-
VTOL pA{VETAL OTOLG AVTIOTOLKOVG TIIVAKES TIAV® ATTO TIG YPAPLKES TTarpaoTAoEelS. Ta ammoteléopa-
Ta Seixvouv 611 10 PIALD emituyxdvetl KaAbTEpOLG XpOVOUG ATTOKPLONG Yia ONEG TIG KATNYOpPieg
EPWTNHUATWV.

To PI4LD katadépvel va emAOCEL TX EPOTHUATA ATTOTEAECHATIKA AKOHO Kot OTav ovEavel
1 TTOAVTTAOKATN T TOVG, OTIwG PpaiveTal yia Ta epwtipata LQ7 kat LQS, ta omoia eival T epw-
THHata Tov Xpetalovtal meploodtepa joins. EmumAéov, kdbe koppog amobnkevel éva pikpdtepo
TUNHA ETTE TOL CLVOAOL TV eSOHEVWY KAl aLTO CUHBAAAEL 0T YpryopdTepn emelepyacia TOUG.
Aedopévov 61t 1o PI4LD evowpatdvel T 6UVOALKT TTANpodopia TG tepapxiag, Ayotepa lookups
eKTENODVTAL ylar va avakaAv(pOel eqv pia ovtdTnTa mov Ppédnke eivat Tov {nrovpevou tomov. Ta
epoTApaTa emhvovTal 2.7 kat 1.8 popég ypnyopodtepa oe cVyKplon e To VirtStore. To LQ5 eivat
pic AN KaTnyopio TOL EVVOEITAL ATTO AUTH TNV KATAVEHUNHEVT TIPOGEYYLON, ETELST TO EPWTNHA
Hitopei va xwplotei oe SV0 EeXWPLOTA EPWTHHATA TIOL EKTEAOVVTAL TTXPAANNAA [E ATTOTENEOHA

YPNYOPOTEPO XPOVO atOKPLONG KATA 15 GopEC. ZnHOvVTIKY EMTAXLVOT KATOYpAdETL Kl yLol
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Query Cat. | LQ5 | LQ6 |LQ7 | LQ8 | LQ9Y
Avg rows || 625 | 956711 | 44 | 11532 | 20

150000 : ‘
FO0 T e PLALD i
130000 = VirtStore
20000 — | VirtStore_Max time !

40000 —

Query Response Time(ms)
T

LQ5 LQ6  LQ7 LQ8 LQ9

Ixfnua 4.25: Zoyxpion tov xpovwv amédoong(ms) yix Ti xarnyopies epwthudrov 5-9 tov LUBM
benchmark

v katnyopia LQ6, n omoia mepiéxel Ta amAovOTEP EPWTHNATA TTOV UITOPOUV va TeBolV 010

oLOTNHA, ONAAdT) T EPWTHHATA TTOL ATV TIWVTOL KatevBeiav amo Tig devdpikég dopég.

H em\oyn touv apxikov eninmedouv elcaywyng ennpedlel TNV anddoorn ToU CLOTHHATOS Y
NV enilvon evog epOTAHATOG HOVO HEXPL Var SLAdPaATIOTOUV Ol ATTAUTOVHEVEG AELTOVPYiEG re-
indexing. To Xxnua .26 Seixvel To xpovo mov amatteital yio Tnv anavtnon twv LQ4 kat LQ7 wg
OULVAPTNOT TNV OELPAC TWV EPOTNHATWY, eEVWG TO {1 el emihexDel wg apyiko enimedo eloaywyng.
To oVoTNHo €XeEL pUOLLLOTEL £TOL OOTE VO ETILTPETIEL TNV EKTENEDT) TV AelTOLPYL®V roll-up kot drill-
down apov €xovv ohokAnpwdei TplavTa epwthpata. Onwg emdetkvieTal, ot Aettovpyieg roll-up

TIOU EKTEAODVTAL 0T OEVTPA IOV PWTLOVVTAL EXOVV WG ATIOTENETHN OTHAVTIKN ETUTAXVVOT TNG

£ T T ]
~ F 4
|2} — LQ4

g 100000 - LQ7 3
o F ]
g STANIEN ]
= 10000 Y1 E
1) E R 3
[72] C |
=} [ ]
2

S« 1000E E
[} £ 7
& r 3
o

o 100 3
= F 3
o r ]

1 1 1
10 50 100 150 200

Query Sequence

Ixnua 4.26: H emidpacy 1oV IpoocapuosTikdv AETOUpyLdV re-indexing ato xpovo amékpions tov LQ4 kat
LQ7, érav 10 €1 emAéyeTan w¢ apyikd emimedo eioaywyrs
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eMALONG TOV EPOTNUAT®V Kal Yix TIG dVO Katnyopieg epwtnuaTwy. Metd amd tn dadikaoio

re-indexing, n ant6doon tov cLOTHUATOG TTapapével oTabepr) yia Tor UTTOAOLTA EPWTHHATA.

Query Cat. || DBQL | DBQ2 | DBQ3 | DBQ4 | DBQ5 | DBQ6
Avg. rows 2239 13 428 1279 7041 303
4000 ‘
B Pl4LD
VirtStore

w

S

S

S
T

2000 —

1000 —

Query Response Time (ms)

0 DBQ4

QI . BQ2 Q3 ‘ BQS‘ BQ.6.

Ixnua 4.27: Xoyxpion twv xpovwy anédoors(ms) ya kdbe katnyopia epwtnudtwv tov DBpedia dataset

10 Zxnpa f.27 paivovtat oL XpOvol aItOKpLon G YLo TIG KATNYOPIES EPOTNHATMV TTOU avadE-
povtatota DBpedia Sedopéva. 1o ovoTnpa €xeL OpLOTEL VA EMITPETTETAL 1] EKTEAECT) AELTOLPYLDOV
re-indexing petd amnd TpLAvVTA epWTHHATA TTOL €XOLV 0TOXEVTEL TO B0 §évtpo. Epdoov ot did-
Ta€n Tov VirtStore n fdon deSopévwv ammoBnKevel TPOOWPLVE To ATTOTEAECHATA YIX VA EPWTNHA
mov €xel amavtnOei, yivetal emavekkivnon g Paong 0edopévv TPV TNV EKTENEDT) EVOG EPW-
poatog. To PIALD katadépvel va amavtd ypnyopoTepa 6 CUYKPLOT HEe TNV KEVTPLKOTIOLNLEVT)
Sidtan oe OAeg TIg KaTnNyopieg. Ot xpdvol amdkplong mov peTpavTat 0To PIALD efaptmvrat amo
TOV TUTTIO TOU EPWTHHATOC Kot atd To péyefog Twv anmote Aeopd TV TOL avakTOVTAL O pnxavi-
opog tov PI4LD movu xpnotponoteitatl yia Ty emiALoN ToV epoTNHATeV TTailel e€icov onuavtiko
pOAO O0TOUG XpOVOULG aTtoKplong. H emippor) avtol Tou Mapdyovta paiveTal e TeploooTEPN Ae-
nitopépeta oto Zxnpa f.28, 6mov oha Ta epoTpaTa teptAapavouy dvo ovtotnteg. OLovtoTnTeg
Tov DBQ2 8ev €xouvv deiktodotnOei katd TNV apxikn elcaywyn Tov dedopévmv Kat auTo Exel wg
amotéeopa oTo va yivetat flood Tov epwTrpaTog apxikd. Zta akdAovBa epwTAHATA, ) OVTOTNTA
IOV AV TIOTOLYKEL 0TO subject eivat SeikTodoTnuéVn péxpl va ekteleotei éva drill-down mpog avto
10 eminedo (0To onpeio oL epdavileTal o peYaAlTePOg XpoOvog amdkptiong). Meta to drill-down
O\o T EpOT AT EMIAVOVTOL WG exact match epwTipata o1o primary SakTuvAidL. Ev avtiBéoel, n
ovtoTNnTa Politician oto DBQ3 avtioTtolxel o€ pivot key KaTd TG apXIKEG ELOXYWYEG KAL Yot XUTO
T0 A6Y0 0 XpOVOG aITOKPLONG YIor TA EPWTHHATA AUTHG TNG Katnyopiag eivat otabepds. Ta DBQS
kot DBQ6 pmtopotv va BewpnBoiv wg apepdepr) poTHHATA, OGOV APOpA TO EPOTNHA YO TNV
iSx ovtoTNTA TTIOL EPPavileTat wg subject. Xto DBQ5, n Tipr SportsTeam mov mpoodiopiletatl wg
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object xpnotpomoleital wg pivot key katd tnv apxikr elocaywyn Towv Se00HEVWY Kot Yl aUTO TO
Aoyo 1o DBQ5 emltetal mévta w¢ exact match epdtnua oe secondary Sidotaon. Avtifétng, n
TIHT) SportsTeam epdaviletal wg subject oo DBQ6 Kal emopévmg dAa Tor epTHHATA EMAVOVTAL

¢ exact match otnv primary Sicotaon.

4000 ‘ ‘ ‘ ‘
/é? i —~DBQ2| |
E — DBQ3

g 3000 ; DBQ5 -
.= -- DBQ6
= | Q)|
) k

[72) 1

S 2000 - I E
2 | )

s i 1
e i

E\'IOOOI__.»_T! _____________ e e —— 7
5 A A A |
(@4 | _

0 | I |

Query Sequence

Yxnua 4.28: Ot ypovor amoKkpLons yiax KATIoLeS ETAEYUEVES KATHY0pies epwTHudTWV Tov DBpedia

4.12.5 Tavtoxpova Epotipara

H amédoon kat Twv 00 oLoTNHATWV HEAETATAL Yo aLEAVOUEVO PpOPTIO EPWTNHATWV TTOL B€-
TOUV TTAPAAANAOL XPHOTES, OTIWG GUHPAiVEL OTIG SLadIKTLAKEG ePaproYEG TTOUL aTtodnkevouy dia-
ovvoedepéva dedopéva. Il Ty emitevén avtov TOL OTdXOL TTAPAYETAL £V POPTIO EPWTNUATWV
Tov arroTeleital a6 2500 epwTHpata, Ta omoia éxouv emhexBel Tuxaia. ApXIKd, T epwTHHA-
TO AITOOTEANOVTAL OTA CUCTHHATA HEOW EVOG HOVO KOUPOL-TIEAETT). Ot péool xpdvoL amtoKpLong
napovotalovral oto Zxnua f.29. To mpotevdpevo oboTNHa Tapovotdlel kaAUTepn anddoon o
OX£0T] [€ TNV KEVTPIKOTIONHUEVT) TIPOOEYYLOT) Kol ATTOSEIKVOETAL YPNYOPOTEPO KATH 5 POPEG, EVER
oL Xpovol amtdKpLonG GUHPWVOLV e aLTOVG TIOL KATAYpAdnKav yia kdbe katnyopia.

Y10 Zxua B30, o Héoog XpOVog aItOKpLONG KATAYPAPETaL OTAV Ta (Sl epWTAHATA ATTO-
otéAovTal amd mévTe KopPoug-rehateg Tavtdxpova. To PIALD katadépvel va StatnprioeL Tovg
ypnyopotepoug pubuotg andkpiong oe emnineda oxedov ioa pe avtd 1ov epdpavifoviat 6To Zxn-
o B.29. H katavour) tov dedopévav avapeoa 6tovg Koppoug tov PI4LD cuvelodpépel oe autod
10 arotéeopa, dedopévou OtL n TapaAAnAn enefepyacio TwV epWTNHATOV aTtd dlapopeTIKoLg
KOHPoLG TNV (Sta xpovikn oTiypn (akdpn Kat av K&Be kKOpPog emefepyaletal HOVo éva epaTnA
07O oVOTNHA TTOL LAoTToLOnKe K&Be popd). Emumhéov, kabe kopPog Siatnpel éva pikpdtepo THn-

Hot TwV GUVOMK®WYV Sedopévwy Kal €Tl amatteitat AtydTtepog Xpovog yia Ty eneepyaocio Toug.



4.12. Tepapoatiky AloAéynon 293
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Exfpa 4.29: Xpovog amdxpions yia kabe epdTHUa €VOS GopTiov TTOU TIEPLAAUPAVEL TUXAIWG ETIIAEYUEVA
epwtipara yix 1. LUBM xatnyopies
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Query Sequence

Query Response Time(ms)
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Exfpa 4.30: Xpovor amoxpions yia éva popTio EpWTHUATWV IOV TEPLAAUSAVEL TUYALWS ETIAEYUEVA Epw-
hipara yix 1i¢ LUBM xatnyopies, ta omoia amootéAAovral amd 5 meddres

4.12.6 EnektaoipotTnta 10U ZUOTHHATOG

H emektactpdtnTa 10U OLOTAUATOG SOKILAGTNKE yla peyohbTepa ovvola dedopévmv. To
Zxnpa f31) mapovoidlet Toug xpOvous GOPTWONG YL TNV ELCAYWYT) TECOAPWY SIAPOPETIK@Y GU-
volwv Sedopévwv Trou mapdxOnkav yia 10, 50, 100 kat 200 mavemotipa aviotowa. Ta Sedopé-
va tatvopovvTal Kot opddeg amd triples pe to i8to pivot key otnv primary didotaon elodyovral
oto PI4LD. Eva XapaktnploTiko 1ou eniPefat@veral artd avtd 1o meipoapa eival 6Tt 0 Xpovog
PpopTwong (load time) av€avel ypapuikd pe o péyebog Tov GuVOrOL Sedopévmy.

H enintwon tou ykov Twv dedopévwv HEAETETAL KAl Y& TOUG XPOVOUG ATTOKPLONG TPLOV
QVTUTPOOWITEVTIK®Y KATNYOPLwV epwTrioewy Tov LUBM. Ot katnyopieg TwV epwTNHATWV TTOU

¢aivovtal 0To ZxNua emAéXONKav emeldn) eivat TOAVTTAOKOTEPES KAL XTTAUTEITAL KATH TNV
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Exfua 4.31: Xpovog ¢poprwons yia Siapoperikd peyéOn twv LUBM ovvilwv Sedouévov (mavemoripa
10, 50, 100 kat 200 avrioTowya)

emiAvon Toug N Anpogopia Tov oxeTileTal fe TIG ovToAOYieg Kat PpiokeTal OTIG lepapyLkég So-
1ég Tov PI4LD. Zvpmepacpatikd, To epwTApata avTtd Oe Pitopolv va emthvBotv amtd armhé DHT
lookups yia Tig hashed Tipég eite Tov subject eite Tov object. Emiong, diapopetikd xapaktnpt-
OTIKA TOUL CUGTHHATOG UITOPOVV Va XpNoLpotonBolv KAt TNV emiAvon TV epTNHATWY KiOe
Katnyopiag: to LQ5 prmopel va xwploTel o€ LITOEPWTAHATA TTOL EKTEAOVVTAL TTAPAAANAN, EVE®
T LQ7 kat LQ8 eival path epotipata mov amaitovy moAarnha joins. H av€non tov peyéBoug
TOL oLVOAOL Sedopévwy TTpokahel KaTTolar abENOT 0TOLG XPOVOUG aTTOKpLoNG Yoo Ta LQ7 Kat
LQ8, aA\& 1 kAion eivar pikpry. Ot xpovol ammdKpLong eival TapatnpovVTAL Lo avENHEVOL Vi TO
LQ8, dedopévou 4Tt TO epWTNH ALTO AVAKTA EVA CHAVTIKAE peYaADTepO aplBpd amo triples oe
obykplon pe to LQ7 xat yiax avtd o xpdvog enefepyaaiog Tov ennpedletal and tov dyKo TV

dedopévav.
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Exfpa 4.32: Méoot xpovor amoxpions twv LUBM epotnudtov yia Siapopetikd ueyén twv ovvélwv de-
Sopévav



KEDAAAIO D

2uvolikn Emokomnon kat Melovtikég Emektdoelg

The world is a fine place, and worth fighting for.

Ernest Hemingway

OM\EG TIPOKANOELG TP pEVOUV aVOLKTEG 0T Olaxeiplon SeSopévwy oe Katavepnpéva Te-
]_[ ptBaM ovTa. H e€EMEN TwV LTTOAOYIOTIKOV GLOTNHATOV KAOOTE epIKT TNV avdrTudn
ePAPHOYROV TTOVL Og UITOPOVOY KoV Vo LTTAPEOLV TIpLV Heptkd Xpovia. Emiong, avoiyovtat véeg
TIPOOTITIKEG YIX “TIApaSOCIaKés” ePUAPHUOYEG He TIEPLOPIOHEVT AEITOVPYIKOTNTA AOYw TNG ENAEL-
YNNG LITOAOYIOTIKWV TTOPWYV, TL.X. TTOPWV TTOL TTPOCPEPOLV eMeEepyATTIKN LOXV Kot aIToOnNKeLTIKO
xopo. H xataveunuévn diaxeipion dedopévav eivat pio amod Tig KUpLeg, EMIKPATOVOES TATELG TIOU
UTTAYOPEVETAL ATTO TNV €AELOT TV SLASIKTUAKOV EPAPUOYDV, TNV TTAYKOOULOTIONOT) TV ayo-

PV, TNV AUTOHATOTIONON TWV ETLXELPNOLAKADV SLEPYATLOV Kal TNV avEnpévn xpron atotntrpwv.

H vioBétnon twv DHT emkalOyewv cupBaAel 0TO oXeSIAOHO ETTEKTACIHMOV KL AVEKTIKWV
0g OPAAPATH LITOSOUWV TIOVL HITOPOVV Vo avTeTeEENBOVV e ePapUOYEG pe avENUEVES ATTALTT-
oelg yia Staxeipion Sedopévav pe TARpwG Katavepnpévo tpdmo. Qot1éoo, ot DHT emikalvyelg
BéTouv KATTOLOUG TIEPLOPLOUODG GTOV TPOTIO avalTNong oe TETolov eidovug LTTOSOHES KAl aTTaL-
TouvTal emnpdobeteg péBodol yia T SelkTodOTNON KAl TNV aval(TNon AVIIKEIHEVOY OOTE VA

apBovv auToi ot TEPLOPIOHOL.
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Ztnv apovoa SaxtpiPr), n mpocPoaorn oe TANpodopia TOL SNHOCIOTIOLEITAL ATTO ETEPOYEVELG
TINYEG Kat N PeAtiwon TG moldTnTag Twv HeBddwv avalntnong BewpolvTtat onuavtikd mpopAn-
Hota Yl iepattépw diepevvnon. H opydvwon), n Seiktodotnon kat n avalitnon dedopévwv pe-
Aetwvtal pe otdxo TN dnuiovpyia Texvikwv mov Ba emitaxvouvv TNy enefepyaoio Twv epwTn-
Hatov. Tia avtod 1o Aoyo, ot 181dTNTEC NG Sopng Twv dedopévwv AappdvovTal vTOYN KATd TO
OXNHATIOHO TV OTPATNYIKWV Y TNV ToroféTnomn Kat TNy opydvwor Towv 8edoHéVaV avapesa
0TOUG KOUPOUG TTOU GUUHETEXOUV OTNV eTUKAALYN. Ot Tieptypadopevol akydplOpot Kot TEXVIKEG
ETKEVTPAOVOVTAL O€ EVVOLONOYLKEG Llepapxieg. Emiong, To moAvdidotato povtélo deSopévwv eCe-
PELVATAL OTIG TTPOTEVOHEVES HeBOSOVE, AN 1) UTTOGTAPLEN HePKAOG Sopnpévwy dedopévmy Sia-
GOPOTIOLEl TT) CUYKEKPLUEVT TIPOOEYYLON aTTO AAAEG UTTApXOLOES. O Paotkog TUTTOC EPWTNHATOV
IOV LTTOG TN PiloVTaL Eival Yot TOV EVTOTILOHO OTIOLKGONTIOTE TIUAG Oe oTtolodnoTe eminedo Twv
aImOONKEVUEVQOV LEPAPXIOV. AKOUQ, SIVETAL EUPaOT) OTNV LITOOTHPLEN ATTAGV EPWTNHATWV OUVO-

YnG Kot EPOTNHATOV oOVOYNG 0e TTOAATTAEG SlaoTAoELG Yo Stdpopa emtimeda AemTOUEPELXG.

Mia dAAn Baoikr) cUHPOAT TNG oLYKeKPLHEVNG SIXTPLPG ival 1) TTPOCAPUOCTIKI) GUUTTEPL-
POPA TWV TEXVIKAOV JeIKTOSOTNONG OTIG TAOELG TTOL TIAPATNPOVLVIAL OTA EPWTHHATA TWV XPN-
otV 0710 eninedo Tov KOpPov. Ooo 1o péyebog Twv dedopévwv avfavel paydaia, n eavTAnTIKN
avalntnon tev TiHev S propel va Stekmepalwel KaTa Tn StapKela eVOS amodeKTOV XPOVIKOD
SlaoTApATOG KAl oL pnxaviopoi SelktoddTNong X&vouv TNV aImoTEAECUATIKOTNTA TouG. Edv éva
oUOTNHO EXEL TNV IKAVOTNTH VX TIPOGAPHOLETAL OTIG ATIALTHOELS TV XPNOTOV SUVAULKE, TOTE Ta
OpENN 0TN TTOLOTNTA KAL TNV TAXVTNTA TV avalnThoewy umopel va eival onpavtika. Emumiéov,
HeNETEG O€ SLSIKTUAKEG EPAPHOYEG SELXVOLV OTL Tat ACVUUETPA PpOPTia EpWTNHATWV (Yta TTopdi-
detypa avté oL akoAovBovv T zipfian katavopr) eivatl pia cuvBng TEPIMTWOT KAl Yl AL TO TO
AOYO €var eVENIKTO GUOTNHA TTIOU EIVAL IKAVO VA OPYaV®VEL TIG SOUEG TOV OTIG EXPVIKEG AANAYEG

TV EPWTNHATWV TTAPOVCLALEL TTAEOVEKTIHATA.

‘Eva amtd ta amrotedéopata auTrg TG SlaTpiPric elvat pia I0LaUTépme TPOOAPHOOTTIKT, EMEKTA-
olpn Kat online texvikn ylo Tnv opyavwon kat detktodotnomn Sedopévwv mmov meptypddpovtat ard
eVvoloLoYIKEG Lepap)ies. To cOOTNHA TTOL LAOTIOLEL TIG TIPOTELVOUEVEG TEXVIKEG GTOXEVEL OTNV Kot-
Tavoun peyarov dykouv dedopévmv oe pia DHT emkaAvyn pe tétolo Tpomo mou va Slatnpoivial
T ONHACLONOYIKK OTOLXElX TTOL TiepLéxovTal oTnV Llepapxio. Eva onpavtikd otoiyeio g mapov-
otalopevng peBddou eivatl n TPOCAPUOCTIKOTNTA TNG KAL 1) EANEWYT GUVOALKOD GUVTOVIGHOD O€
oAdKAnpo 1o cvotnpa: Ot ammobnkevpéveg tepapyieg detktodotovvtal o€ SlaPopeTik eminmeda
oUPPWVA e TO PaBpd AeTTopEpELag TwV ELEPXOHEVWY EPWTNHATWV. Me Tn) XproT) TTEPLOPLOUEVIG
YV®ONG, oL KOpPoL Hitopolv va amopacicovV yia To eninedo Setkto8dTNonG Twv armodnkevpévmy
mAeladwv, Kote va pelwbel To pavdpevo Tpowbnong evog epwTHHATOS € GAOLG TOUG KOHBOUG

ToL SikTOOUL. EmimAéov, Sev vmapyel avdykn yia avafolr) Tng Aettovpyiag Tou GLGTHRATOG OTAV
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evnpepwvovTal Tor dedopéva, apol To cLOTNHA eival o Béon va evnpepavel Slapkmg Ta dedo-
Héva Tou pe puikpo k6oTtog. H metpapatikn atohdynon yia todamAd, Suvapka poptio Sdedopé-
vV emiPePataivet Ti¢ 181OTNTEC TwV TTpoTElVOHEVWY HeBOSwV: To TEAIKO CUOTNHA KATAPEPVEL VA
QITOVTHOEL TNV TIAELOYNPIX TV EPOTNUAT®WV atodoTikd pe Aiya pnvopata. Eivat baitepa ato-
SoTikd ylor TOAwpEVA popTia EPpOTNHATWY, TTPOCAPHOLETAL 08 EAPVIKEG ANAXYEG KL EVIHEPWVEL
T Sedopéva ypnyopa Kat alomota.

Emumhéov, pia evliapépovoa epappoyn meptyp&Ppnke, n onoio Umopei va eKTeAe0TEl GTO V-
OTnua TToL LAoTOLEL TIG HeBAdoUG yiar TN Slaxeipton Twv tepapxkav dedopévav. O 0TOX0G TTPOG
emnitevn eivat o oxedlaopdg evdg AR pwE AeLTOLPYLKOD, KaTaveunuévou ITAnpodoplakod Zuotr-
Hatog yia YroSopég ITAéypatog. Zav amotéleopa, Snpovpynbnke éva cUOTNHO TTOL TAPOVOLK-
(el MheovekTHATA O€ OXEOT e LTIGpXOoLaeG TpooeYyioelg. H Aettovpyia Tng mpooappoyng g
deiktodotnong pmopet va alomotndel yior Tnv avtopaTn 0OVOYN TAAXIOTEPWV TTOTEAECUATMV
Kot TNV aVaAUTIKOTEPT TTAPOLGIAOT) TWV TTLO TTPOCPATOV.

Evav dAlo Bactko afova tng mapovoag StatpiPrg armotéAece o oxeSIoUOG Kot ) LAOTTOINGT
1oL ovoTApatog LinkedPeers: To oot avtd alomolei Tig pebodouvg mov mpoavaépOnkav yia
N Staxeiplon dedopévwy Tov meptypadovTal amd TOAATAEG SLAOTATELS, Ol OTIOIEC e TN Oelpd
ToUuG SopovvTal e eVvololoYIkES Lepapxies. KaBe avTikeipevo meprypdpetal and évav avBaipe-
10 aplOpod Staotdoewy, eve dev amatTeiTal 0 TTPOGSIOPIoHOS TIHWV Yl OAeg TG SiaoTaoels. To
LinkedPeers amoteleitat and MOAATAG, “elkoviKd” SakTUASIA (1) TTpayHaTIKA pe dlodpopeTikd
XOPO aAVAYVWPLOTIK®OV Yl To Kabéva), 61ov ) k&Be Sikotaon avtiotolyiletatl o€ éva Eexwplotd
SakTulidt. H 18éa miow amo 1o oxediaoud tov LinkedPeers eival ) dnpiovpyio evog autdvopou,
“pwtebovtog” SakTuAdiol ya tnv anobnkevon Twv dedopévmv, eve Ta SevtepevovTa SAKTL-
Aidtor oupPdAovy 0TV ATTOTEAECUATIKT ONHLOVPYIA TWV ATTATOVHEVWV SeIKTOV. Mia unxovn yia
TNV LAOTIOINOT OYewV AVANOYX e TA EPWTAUATH VAOTIOLEL LEPLKEG OWPELS Yo HEANOVTIKT) Xprion
TIOVL CTOTEAOVVTAL aTTd TOLG TTPOUTTONOYLOHEVOUG CLVOVAOHOVG TIHMV TTOU TIEPLEXOVTAL OF €Val
epaTnpa 1oL StevepynOnke, CUUPAANOVTAG AKOHN TIEPLOGOTEPO TNV TTPOCAPHOCTIKN GPUON TOL
ovotipatog. EmmAéov, n deitktod6tnon nmpooappdletal SUVANIKA 0T ELGEPXOUEV EPWTHUATA
HE QITOTENETHN TN HEIWOT TOU KOOTOUG ETIKOIVWVING KATH TNV KATAVEUNEVN emedepyacia Twv
ePOTNHATWYV. H IKavdTNTA TOL CUOTAHATOG VA TIPOCAPHOLEL TNV 0PYAVWOT TwV 8e00HEVWY TOL
YIVETO QKO TILO OTHAVTIKT 0TV TTEPIMTWON TV TOALSIGoTAT®wV Sedopévwy, KabBmg dev armat-
telta ) detkto80TNON OAWV TWV TIHAV TNG K&OE S1doTaonG Kot Twv HeTaED TOUG OLVOLACU®V; TO
yeyovdg avtd Ba o8nyovoe oe exBetikr) av€nomn Tov amobnkevTikod Xopov 600 avdvel o apld-
HOG TwV dloTdoewv. EKTETAHEVN TTELPAPATIKY HEAETT) TOL CLUOTHHATOG OEiXVEL OTL TO CVOTNHA
ovprepLpEpeTaL e ATTOSOTIKO TPAOTIO KATH TNV EMIALOT) TNG TAELOYNPIOG TWV EPOTNUAT®YV, HITO-
pel va xpnotpomownBei yioa 1n SetktoddTnon tétolov eidovg Sedopévmv Kat pocappoleTal oe
N avapevopeveg oA ayE€G ammopacilovTag owoTa va eKTeAéoel SIASIKAGIEG YIot TIPOCAPHOYT TNG

dewcroddTnong.
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Ot pébodot mov mpotdOnkav oto LinkedPeers e€epevvavTal TEPAUTEP® Kol XPNOLUOTIOLOV-
vtat oto ovotnua PI4LD, ¢éva cOoTNHa oL evoTtolel, armoOnkevel, deiktodoTel Kat emepwtd Sia-
ovvdedepéva dedopéva. H mpotevopevn apxitekTovikn atoxevet mpog SUo Katevbuvoelg: eite va
amoTteléoel Eva cVOTNHA yia TNV AR pn Staxeiplon Té€Totov eidoug dedopévav 1} oav €va evotdpe-
oo enimedo Seiktod6TNONG. H mpocapupootikdtnta Tov cvotipatog eakorovbel va Siatnpeitat
oav éva artod T PACIKE XAPAKTNPLOTIKA TOL KAl GUUBAANEL OTNV ETUTEXVVOT TOL UTTOAOYLOHOD

TV AITOTEAECUATOV.

Télog, 1 enmiAvon TwV EPOTNUATWV EVPOVG TIHMOV O€ €va TTLO YeEVIKO TTAaiolo TTov Paoiletal oe
DHT emukoa\Oyelg prmopei va ertitevxOei pe Tnv eKPeTAANELOT) TOV IBLOTATWV TTOV TTAPATNPOVVTAL
ot Kapmoheg IApwong tov Xmpov. Xwpig Tnv ad\ayr) TnG TOTTOAOYIAG TTOL LTTayopeVETAL ATTO
10 DHT mpwtdkollo mov xpnotpomoteital, pio cuvaptnon mov otnpiletal otig SFC pmopel va
xpnotporownBei yia tnv adAayr) g hash cuvaptnong Tov mpwtokOANOL KAl Var CLVOLAOEL TTON-
Aarhéq 1010t TeG o £va povo kAeldi tov Ba xpnolpomonBel kata TNV elcaywyr) Twv Sedopévav
oTnV enmkaAvyn. Mia texvikn mov Paoiletat otn Siatan mov mpoodpépouvv ta SECs yia tnv emi-
AUoT) ATTADV EPOTNUATWV Kol EPWTNHATOV EVPOVG TIHWV TTPOTEIVETAL KAL XPTOLLOTIOLEITAL YL TO
oxedlaopd evog KaTavepUnpéVou KATAAoyou HeTaOedOUEVKY, IOV XpnotpoTiownBrKe yia TV avor-
(rytnomn moAuvpeotkol Teptexopévou. H ovykekpipévn texvikn popei va emektadei mepattépw ylo
NV LTTOOTNPLEN EPWTNHATWY EVPOUVG O€ LepapyLkd dedopéva TapdAANAa e TNV LTTOOTHPLEN TV

CUVOTITIK®V EPWTNHATWV.

5.1 MeAovtikég Emektaoeig

Y YeVIKEG Ypap e, TIOavEG TIPOEKTAOELG HITOPOLV va aToxevoouv Sikpopa {ntrpata oxe-
TIK& e TA TTPOTELVOHEVA CLOTAHATH. Mepikd {nTrpaTo TOL pItopovV va epevvnBovy Teplypa-

GOVTAL OTN CUVEYELAL.

To obotnua LinkedPeers pmopei va emekTabel mepattépw ylo va yivel artodoTIKOTEPN 1) TTi-
Avon M@V TOTTWV EPOTNUAT®Y, EOIKA AUTWV TIOL ATIALTOVY TO GLUVSVACHO TTANPOPOPIaG TTOV
Bpioketat StaokopTiopévn oe TOANOUG KOHPOUG, OTTwG top-k epwtriuata. Emopévag, pio mba-
Vi) eméKTOoN eival N avamtuén mo eeAlyHéVwV TEXVIKOV Ylor KATNYOpPieG epTNHATWY TTOU O
pehetnOnkav ndn. Emiong, pepikég ovvaptnoelg auvabpotong (m.x. SUM 1} AVG) propoiv va
vlomtonBolv aTd TNV KATAOKELT) TOL OLOTAATOG. O 0TOXOG elvat va yivel SieukoAvvBei o vTTo-
AoYloHdG TETOLWV CUVAPTHOE®V He AUTOUATO TPOTIO KATH THV eloaywyn) Twv deSopévwy Kal T
dnuiovpyia Twv SelkTAV, Kabwg N eVNEP®WOT TWV AVTIKEIHEVWV VA YIVETAL [e TETOLO TPOTIO OOTE
Va EVIHEPOVOVTOL KATAAANAQ KAl oL avTioToLXeG LITOAOYIOHEVEC TIHEG. EmmAéov, n mAnpodopia
mov Swaxtnpeitat 1dn oto LinkedPeers pmopel va aflomoinBei yiax Tnv e€aywyrn xprotung minpo-

Ppopiag, yla mapadetypa n yvoon yia tov apldud twv cuvéoewv propel va xpnotpornotndel cav
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pio peTpikr yloo v “raivopnon” Twv KopPwv, wote va amtopevxBolv ot kdpPot Tov cUVEITHE-
POLV HIKPO aplOud amoTeNeOHATWV KATE TNV TTPonBnon Twv epwTtnuatny. fevikag, o kabopt-
opoG peBodoroylwv mov Pacilovtat oTNV KATNYOpLOTToinan Twv opwv propel va Fondnoet yia
TNV EKTIUNON TV TTOPWV TTOL gival TIOAVOL VA EMOTPEYOLY ATTOTENEGUATA YLOL ot CUYKEKPLUEVT
epwtnon. H extipnon avtn pmopel va 0dnyroet 0tov armokAelopd kKOpUPwv mov dev amobnkebovv
oXeTIKa dedopéva Kat 0TOV 0pLOHO MG OelpdG OVpPWVA e TNV oTtola YiveTal 1) emiokeyn TV
KOUPwV, ®OTE var emitevyBoiv KaAADTEPOL XPOVOL ATTOKPLONG Kol HIKPOTEPN MPEpLVON Yl TNV

QTIALTOVHEVT) ETILKOLVWVIOL.

H pelétn “ovvaptrioenv Babuoldynong” (scoring functions) yio tnv a§loNOYNOT) TWV AVTIKEL-
HEVWV TTOV ETILOTPEPOVTAL HETE TNV eMeEepyaaia eVOG EPWTAHATOC PpaiveTat TTOANK LTTOGXOHEVN
Yot T TTPOTEVOpEVA CLOTHPATA. H Xpron ToV AITOTEAECUATWY HUTOV TWV CLUVAPTHOEWY UITOPEL
va arodetyOei emikepdng ylo T Spopoldynon TwV epWTNUATWY KAL TNV TTOOTNTH TV OITOTE-
Aeopatwyv. H vhomoinon pefddwv tadivopnong pmopel va xpnotpomolnBei yia armoTeNeCUATIKN
top-k ene€epyaoia, mov kepdilel To evliapépov oe MTOANEG edpapuoyég. Kabag av€dvel o dykog
NG mAnpodopiag, ot péBodot avalntnong mpémel va AapB&vouy vITO YN TOLG TIG TIPOTLHNTELG TWV
XPNOTOV Kat va “ripocwronotovy” (personalize) ta emoTpepopeva amoteréopata. And tn pia
TIAEVLPE, ATTOTEAEGUATA TIOV elval TTOAD OTUAVTIKA YLot €Va XPHOTN UITOPEL VO [NV €ivat OXETIKA
yta &ANov xprioTn, o onoiog Bétet To 810 epdTpa. ATIO TNV AAAN TTAELPE, 1) TTAPOLCIACT) HEYAAOU
aplOpov anoteleopd TV oL dev eVOLAPEPOLY TO XPHOTN WITOPEL VA ITOKPiYEL AUTA TTOL eival
onpovtika. Ot pébodot avalnrnong oto LinkedPeers kot oto PI4ALD pmopotv va Xpnotporotn-
OOUV TNV MANPOPOpia TTOL TTapEXETAL aTTd TO XPHOTN YL VO HELOTOLY TO XOPOo avalriTtnong Kal
va emiAexOo0V TA TILO OXETIKA ATTOTENETHATO AVAAOYX [E TIG TIPOTIUNOELS TV XPNOoTAOV. TéTolou
eldovg mAnpogopia prtopei va eivat oL TOpEIG TTOL VOLAPEPOLY TOUG XPHIOTES, ) XPOVIKN TiEpiodog

mtov OnpootevovTal Ta dedopéva, To €i60¢ TwV TOPWV TIOL SNHOCIEDOLY TA ATTOTEAECUATA, KTA.

To LinkedPeers ¢xeL 1 duvatotnta va xpnotporotndei yioo GANovg TOTTOUG NiL-OopNHéEVWY
dedopévmv. Aedopéva mov Teptypadovral pe t xpron XML propovv va anobnkevtovv oto
LinkedPeers e 11G avtiototxeg Tpomomnotnoels. ITapola avtd, vdpyxouv Bépata mov mpénel va
pehetnBovv oxetikd pe XML epappoyég. Lo mapadetypa, o Tpomog mov Ba katavepnovv ta
éyypada otoug KOUPoug eivat éva poPAnpa tov xpelaletal diepevvnon. EmtmAéov, n) molvmho-
kotnta tng dopng Twv XML Sedopévwy, Tov XPath kat tov XQuery Snpovpyet Sidpopeg mpo-
KANOELG OXeTIKA pe TN emidoon. Mia katevBuvon mov prtopei va akolovBnBei yio tn Pedtiwon
G anddoong g afloAdynong evog XML epwtnpatog faciletal oTn xpnotponoinon dYewy mov
éxouv vLAorronBei Yl va amoBnkevovv mpoimoloylopéva amoteréopata. Ot OYelg avEdvouy Tnv
TaXVTNTA YL TV EDPECT) TV ATIAVTOEWV O CUYKPLOT e TO XPOVO TIOL XpeLaleTatL av Xpnotpo-
moinBovv Ta XML éyypada pévo. H vhomoinon tov dyewv mapéxetal ano to LinkedPeers Kot

Xpetdletat mepaltépw pooappoyn Yla TV mepintwon twv XML 8edopévwv.
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‘Exovtag uméyn 6Tt Tot TPOTELVOHEVX CUOTHHATA OTOXEVOLV SIASIKTLAKES EPAPHOYEG, 1) ETE-
poyévela Twv TOpwv 1oL dnpooctevovy Ta dedopéva eival éva TOAD TBavo evdexopevo. H ete-
POYEVELX AUTH UITOPEL VX ATTOTEAEDEL AVTIKEIPEVO HEYUADTEPNG TTPOCOXTG TOOO 0TO LinkedPeers
600 kat oto PI4LD. Ta §00 autd CLUOTANATH UTTOPOVV VA YIVOUV TTLO EVEAIKTA KL VX XVTLUE-
TeIioovy BépaTa OTIWS TO Talplaoua Kal 1) avTioToixnon oxnuatwy. Ot Stacuviéoelg avapeoa
oT1G StaoTaoelg TTov SlatnpovvTal oTo LinkedPeers pmopolv va ene€epyaoToly yia TNV e€aywyn
ONUACIONOYIKNG TANpOoping Katl cvoxeTicewv HeTaD TiHwV TToL dev oxeTilovTal dpeoa.

Mia &M\n tapapeTpog mtov prtopei va StepevvnBel eivatl Twg 1 ikavotnTa Twv SECs va emilv-
0LV EPWTAHATA EVPOVG TIUWV HITOPOVUV Vi evowHaTwOel oTo LinkedPeers. Av kot ta SFCs amai-
ToUV éva 0Talepd aplBpod SlaoTaoewv Kot dev eLVOOLV Tar epwTHHAT TTOL dev TepAapPdvouy
pia ovykekpipévn Tipn yia k&Be Sitaotaon, prmopodv va peletnBolv mepattépw woTe 1) emilvon
EPOTNHATWYV EVPOVG TIHAV VA YiVEL ATTOTEAECHATIKOTEPT OTO LinkedPeers.

Oocov adopd 1o PI4LD, n evomoinon dedopévwv ov TTpoépxovTal amod eTepoyeveiG TOPOUG
ovvexiletat. ISwaitepn éupoaon divetal oe unXaviopos oXeSIOUOV TNG EKTENEOTG TOV EPWTN-
HATWV Kol HEAETWVTAL AVTIOTOLKEG TEXVIKEG TTOU epappolovTal o€ dtaovvdedepéva amobetrpia,
AapPavovTag umoYn OTL TO TTPOTEIVOHEVO GVLOTHHA SlATNPel TANpodopia TTOL pITopel va Xpnot-

porotnBei amodoTikOTEPA Ylor TNV €TTIAVON HiKG EPWTNONG.



Publications

Journals

« Distributing and searching concept hierarchies: an adaptive DHT-based system. Athanasia
Asiki, Dimitrios Tsoumakos and Nectarios Koziris. Cluster Computing, Volume 13, Issue
3, 2010, Pages 257-276, ISSN 1386-7857, http://dx.doi.org/10.1007/s10586-010-0136-5.

+ Replica-aware, multi-dimensional range queries in Distributed Hash Tables. Antony Chaz-
apis, Athanasia Asiki, Georgios Tsoukalas, Dimitrios Tsoumakos and Nectarios Koziris.
Computer Communications, Volume 33, Issue 8, 17 May 2010, Pages 984-996, ISSN 0140-
3664, http://dx.doi.org/10.1016/j.comcom.2010.01.024.

o A grid middleware for data management exploiting peer-to-peer techniques. Athanasia Asiki,
Katerina Doka, Ioannis Konstantinou, Antonis Zissimos, Dimitrios Tsoumakos, Nectarios
Koziris and Panayiotis Tsanakas. Future Generation Computer Systems, Volume 25, Issue
4, April 2009, Pages 426-435, ISSN 0167-739X, http://dx.doi.org/10.1016/j.future.2008.09.005.

Conferences

« LinkedPeers: A Distributed System for Interlinking Multidimensional Data. Athanasia Asiki,
Dimitrios Tsoumakos and Nectarios Koziris. In Proceedings of the 22nd International
Conference on Database and Expert Systems Applications (DEXA 2011), 29 Aug.-2 Sept.
2011, Lecture Notes in Computer Science, Springer, Pages 527-543,
http://dx.doi.org/10.1007/978 — 3 — 642 — 23091 — 2_47.

301



302

Publications

An adaptive online system for efficient processing of hierarchical data. Athanasia Asiki,
Dimitrios Tsoumakos and Nectarios Koziris. In Proceedings of the 18th ACM Interna-
tional Symposium on High Performance Distributed Computing (HPDC 2009), Garching,
Germany, June 11-13, 2009, ACM, Pages 71 - 80,
http://doi.acm.org/10.1145/1551609.1551627.

Online Querying of Concept Hierarchies in P2P Systems. Katerina Doka, Athanasia Asiki,
Dimitrios Tsoumakos and Nectarios Koziris. In Proceedings of the On the Move to Mean-
ingful Internet Systems: OTM 2008, Springer, Volume 5331, Pages 212-230,
http://dx.doi.org/10.1007/978 — 3 — 540 — 88871 — 0_16.

Support for Concept Hierarchies in DHTs. Athanasia Asiki, Katerina Doka, Dimitrios Tsou-
makos and Nectarios Koziris. In Proceedings of the Eighth International Conference on
Peer-to-Peer Computing (P2P’08), Aachen, Germany, 8-11 September 2008, IEEE Com-
puter Society, Pages 121-124, http://doi.ieeecomputersociety.org/10.1109/P2P.2008.26.

A Distributed Architecture for Multi-Dimensional Indexing and Data Retrieval in Grid En-
vironments. Athanasia Asiki, Katerina Doka, loannis Konstantinou, Antonis Zissimos and
Nectarios Koziris. In Proceedings of the Cracow 2007 Grid Workshop (CGW’07), Krakow,
Polland, October 16-17, 2007.

Gredia Middleware Architecture loannis Konstantinou, Katerina Doka, Athanasia Asiki,
Antonis Zissimos and Nectarios Koziris. In Proceedings of the Cracow 2007 Grid Work-
shop (CGW’07), Krakow, Polland, October 16-17, 2007



Bibliography

[AABT08]

[AAGT05]

[Abe01]

[ACMHPO04]

[AHL*11]

Rakesh Agrawal, Anastasia Ailamaki, Philip A. Bernstein, Eric A. Brewer,
Michael J. Carey, Surajit Chaudhuri, AnHai Doan, Daniela Florescu, Michael J.
Franklin, Hector Garcia-Molina, Johannes Gehrke, Le Gruenwald, Laura M. Haas,
Alon Y. Halevy, Joseph M. Hellerstein, Yannis E. Ioannidis, Hank F. Korth, Don-
ald Kossmann, Samuel Madden, Roger Magoulas, Beng Chin Ooi, Tim O'Reilly,
Raghu Ramakrishnan, Sunita Sarawagi, Michael Stonebraker, Alexander S. Szalay,
and Gerhard Weikum. The claremont report on database research. SIGMOD Rec.,
37:9-19, September 2008.

Karl Aberer, Luc Onana Alima, Ali Ghodsi, Sarunas Girdzijauskas, Seif Haridi, and
Manfred Hauswirth. The essence of p2p: A reference architecture for overlay net-
works. In In P2P2005, The 5th IEEE International Conference on Peer-to-Peer Com-
puting, pages 11-20, 2005.

Karl Aberer. P-grid: A self-organizing access structure for p2p information sys-
tems. In CooplS, pages 179-194, 2001.

Karl Aberer, Philippe Cudré-Mauroux, Manfred Hauswirth, and Tim Van Pelt.
Gridvine: Building internet-scale semantic overlay networks. In International Se-
mantic Web Conference, pages 107—121, 2004.

James Ahrens, Bruce Hendrickson, Gabrielle Long, Steve Miller, Rob Ross, and
Dean Williams. Data-intensive science in the us doe: Case studies and future chal-

lenges. Computing in Science and Engineering, 13:14—24, 2011.

303



304

Bibliography

[AMMHO07]

[AX02]

[BAS04]

[Bay97]

[BGS06]

[BHBLO09]

[Bit]

[BKK*03]

[BLKT09]

[BR99]

[Bun97]

Daniel J. Abadi, Adam Marcus, Samuel R. Madden, and Kate Hollenbach. Scalable
semantic web data management using vertical partitioning. In Proceedings of the
33rd international conference on Very large data bases, VLDB 07, pages 411-422.
VLDB Endowment, 2007.

apb. OLAP Council APB-1 OLAP Benchmark.

http://www.olapcouncil.org/research/resrchly.htm.

Stephanos Androutsellis-Theotokis and Diomidis Spinellis. A survey of peer-to-
peer content distribution technologies. ACM Comput. Surv., 36:335—371, Decem-
ber 2004.

Artur Andrzejak and Zhichen Xu. Scalable, efficient range queries for grid infor-

mation services. In Peer-to-Peer Computing, pages 33—40, 2002.

Ashwin R. Bharambe, Mukesh Agrawal, and Srinivasan Seshan. Mercury: support-
ing scalable multi-attribute range queries. SIGCOMM Computer Communication
Review, 34(4):353-366, 2004.

Rudolf Bayer. The universal B-tree for multidimensional indexing: General con-
cepts. Lecture Notes in Computer Science, 1274/1997:198-209, 1997.

Gordon Bell, Jim Gray, and Alex Szalay. Petascale computational systems. Com-
puter, 39:110-112, 2006.

Christian Bizer, Tom Heath, and Tim Berners-Lee. Linked Data - The Story So Far.
Int. Journal on Semantic Web and Information Systems (IJSWIS), 2009.

Bittorent. Bittorent website:. http://www.bittorrent.com/.

Hari Balakrishnan, M. Frans Kaashoek, David Karger, Robert Morris, and Ion Sto-
ica. Looking up data in p2p systems. Commun. ACM, 46:43—48, February 2003.

Christian Bizer, Jens Lehmann, Georgi Kobilarov, Séren Auer, Christian Becker,
Richard Cyganiak, and Sebastian Hellmann. Dbpedia - a crystallization point for
the web of data. Web Semant., 7:154—165, September 2009.

Kevin Beyer and Raghu Ramakrishnan. Bottom-up computation of sparse and
iceberg cube. SIGMOD Rec., 28:359—-370, June 1999.

Peter Buneman. Semistructured data. In PODS, pages 117-121, 1997.



Bibliography 305

[But71] A. R. Butz. Alternative algorithm for hilbert’s space-filling curve. IEEE Trans.
Comput., 20:424—426, April 1971.

[CBB11] Stefano Ceri, Alessandro Bozzon, and Marco Brambilla. The anatomy of a multi-
domain search infrastructure. In Proceedings of the 11th international conference
on Web engineering, ICWE’11, pages 1-12, Berlin, Heidelberg, 2011. Springer-
Verlag.

[CDTO07] Eddy Caron, Frédéric Desprez, and Cédric Tedeschi. Enhancing computational
grids with peer-to-peer technology for large scale service discovery. Journal of
Grid Computing, 5:337-360, 2007. 10.1007/s10723-006-9058-0.

[CF04] Min Cai and Martin Frank. Rdfpeers: a scalable distributed rdf repository based
on a structured peer-to-peer network. In Proceedings of the 13th international
conference on World Wide Web, WWW 04, pages 650—-657, New York, NY, USA,
2004. ACM.

[CFCS04] Min Cai, Martin Frank, Jinbo Chen, and Pedro Szekely. Maan: A multi-attribute
addressable network for grid information services. Journal of Grid Computing,
2:3-14, 2004. 10.1007/s10723-004-1184-y.

[CFKT00]  A. Chervenak, 1. Foster, C. Kesselman, C. Salisbury, and S. Tuecke. The data grid:
Towards an architecture for the distributed management and analysis of large scale
scientific datasets. Journal of Network and Computer Applications, 23(3):187-200,
2000.

[CLGS04]  Adina Crainiceanu, Prakash Linga, Johannes Gehrke, and Jayavel Shanmugasun-
daram. Querying peer-to-peer networks using p-trees. In Proceedings of the 7th In-
ternational Workshop on the Web and Databases: colocated with ACM SIGMOD-
/PODS 2004, WebDB "04, pages 25—30, New York, NY, USA, 2004. ACM.

[Data] Linked Data. Connect Distributed Data across the Web. http://linkeddata.org/.

[Datb] W3C Linked Data. What is Linked Data?

http://www.w3.org/standards/semanticweb/data.html.

[DBpa] Querying DBpedia. Public sparql endpoint.
http://wiki.dbpedia.org/OnlineAccess.

[DBpb] DBpediaOntology. Dbpedia ontology. http://mappings.dbpedia.org/server/ontology/classes.



306

Bibliography

[DHJ05]

[ege]

[eMu]

[et.05]

[fac]

[FK99]

[FKO03]

[FKTO1]

[Fre]

[GAAO3]

[Gan]

[GCB97]

Anwitaman Datta, Manfred Hauswirth, Renault John, Roman Schmidt, and Karl
Aberer. Range queries in trie-structured overlays. In Proceedings of the Fifth IEEE
International Conference on Peer-to-Peer Computing, pages 57—66, Washington,
DC, USA, 2005. IEEE Computer Society.

egee. Egee accounting portal.

http://www3.egee.cesga.es/gridsite/accounting/ CESGA/.
eMule. emule website:. http://www.emule-project.net/.

R. Byrom et.al. Apel: An implementation of grid accounting using r-gma. In UK
e-Science All Hands Conference, 2005.

facebook. facebook:. http://www.facebook.com/.

Ian Foster and Carl Kesselman, editors. The grid: Blueprint for a new computing
infrastructure. Morgan Kaufmann Publishers Inc., San Francisco, CA, USA, 1999.

Ian Foster and Carl Kesselman. The Grid 2: Blueprint for a New Computing Infras-
tructure. Morgan Kaufmann Publishers Inc., San Francisco, CA, USA, 2003.

Ian Foster, Carl Kesselman, and Steven Tuecke. The anatomy of the grid: Enabling
scalable virtual organizations. Int. J. High Perform. Comput. Appl., 15:200-222,
August 2001.

FreePastry. http://freepastry.rice.edu/FreePastry.

Abhishek Gupta, Divyakant Agrawal, and Amr El Abbadi. Approximate range

selection queries in peer-to-peer systems. In CIDR, 2003.
Ganglia. Ganglia Monitoring System. http://ganglia.info/.

Jim Gray, Surajit Chaudhuri, Adam Bosworth, Andrew Layman, Don Reichart,
Murali Venkatrao, Frank Pellow, and Hamid Pirahesh. Data cube: A relational ag-
gregation operator generalizing group-by, cross-tab, and sub-totals. Data Mining
and Knowledge Discovery, 1:29-53, 1997. 10.1023/A:100972602184:3.

Al Geist and Robert Lucas. Major computer science challenges at exascale. Int. J.
High Perform. Comput. Appl., 23:427-436, November 2009.

globus. The Globus Toolkit. http://www.globus.org/.

Gnutella2. Gnutella website:. g2.trillinux.org//.



Bibliography 307

[Goo] Google. Google search engine. www.google.com.

[GPHO04] Yuanbo Guo, Zhengxiang Pan, and Jeft Heflin. An evaluation of knowledge base
systems for large owl datasets. In International Semantic Web Conference, pages
274288, 2004.

[GR11] J. Gantz and D. Reinsel. Extracting value from chaos, June 2011.

[GRCT07] J.FE Gantz, D. Reinsel, C. Chute, W. Schlichting, J. McArthur, S. Minton, I. Xheneti,
A.Toncheva, and A. Manfrediz. A forecast of worldwide information growth thor-
ough 2012, March 2007.

[GRE] GREDIA. Grid Enabled access to rich media content (GREDIA) IST project. IST
6th Framework Programme (FP6-34363). Available online: http://www.gredia.eu.

[GS11] Olaf Gorlitz and Steffen Staab. Federated data management and query optimiza-
tion for linked open data, 2011.

[GYGMO04] Prasanna Ganesan, Beverly Yang, and Hector Garcia-Molina. One torus to rule
them all: multi-dimensional queries in p2p systems. In Proceedings of the 7th In-
ternational Workshop on the Web and Databases: colocated with ACM SIGMOD-
/PODS 2004, WebDB "04, pages 19-24, New York, NY, USA, 2004. ACM.

[Hal09] Harry Halpin. A query-driven characterization of linked data. In LDOW, 20009.

[Haw] Hawkeye. Hawkeye: A Monitoring and Management Tool for Distributed Systems.
http://www.cs.wisc.edu/condor/hawkeye/.

[HCH'05] Ryan Huebsch, Brent Chun, Joseph M. Hellerstein, Boon Thau Loo, Petros Mani-
atis, Timothy Roscoe, Scott Shenker, Ion Stoica, and Aydan R. Yumerefendi. The
architecture of pier: an internet-scale query processor. In In CIDR, pages 28—43,
2005.

[HGO3] S. Harris and N. Gibbins. 3store: Efficient bulk RDF storage. In Proceedings of the
1st International Workshop on Practical and Scalable Semantic Systems (PSSS03),
pages 1-20. Citeseer, 2003.

[HHBT03] R.Huebsch, J. Hellerstein, N. L. Boon, T. Loo, S. Shenker, and I. Stoica. Querying
the Internet with PIER. In VLDB, 2003.

[HHK'10] Andreas Harth, Katja Hose, Marcel Karnstedt, Axel Polleres, Kai-Uwe Sattler, and

Jirgen Umbrich. Data summaries for on-demand queries over linked data. In



308 Bibliography

Proceedings of the 19th international conference on World wide web, WWW ’10,
pages 411-420, New York, NY, USA, 2010. ACM.

[HJST03] Nicholas J. A. Harvey, Michael B. Jones, Stefan Saroiu, Marvin Theimer, and Alec
Wolman. Skipnet: a scalable overlay network with practical locality properties. In
Proceedings of the 4th conference on USENIX Symposium on Internet Technologies
and Systems - Volume 4, USITS'03, pages 9-9, Berkeley, CA, USA, 2003. USENIX
Association.

[HKO00] Jiawei Han and Micheline Kamber. Data Mining: Concepts and Techniques. Mor-
gan Kaufmann Publishers Inc., 2000.

[HMZ10] Peter Haase, Tobias Mathif3, and Michael Ziller. An evaluation of approaches to
federated query processing over linked data. In Proceedings of the 6th International
Conference on Semantic Systems, I-SSEMANTICS 10, pages 5:1-5:9, New York,
NY, USA, 2010. ACM.

[HSTW11] Katja Hose, Ralf Schenkel, Martin Theobald, and Gerhard Weikum. Database foun-
dations for scalable rdf processing. In Axel Polleres, Claudia dAmato, Marcelo
Arenas, Siegfried Handschuh, Paula Kroner, Sascha Ossowski, and Peter F. Patel-
Schneider, editors, Reasoning Web, volume 6848 of Lecture Notes in Computer Sci-

ence, pages 202—-249. Springer, 2011.
[iMe] iMesh. imesh website:. http://www.imesh.com/.

[Jen] JenaProvider. Virtuoso jena provider. http://www.openlinksw.com/dataspace/dav/wiki/

Main/VirtJenaProvider.

[JHST10] Prateek Jain, Pascal Hitzler, Amit Sheth, Kunal Verma, and Peter Z. Yeh. Ontology
alignment for linked open data. In 9th International Semantic Web Conference
(ISWC2010), November 2010.

[JOVO5] H. V. Jagadish, Beng Chin Ooi, and Quang Hieu Vu. Baton: a balanced tree struc-
ture for peer-to-peer networks. In Proceedings of the 31st international conference
on Very large data bases, VLDB 05, pages 661-672. VLDB Endowment, 2005.

[KaZ] KaZaA. Kazaa website:. http://www.kazaa.com/.

[KKKT10]  Zoi Kaoudi, Manolis Koubarakis, Kostis Kyzirakos, Iris Miliaraki, Matoula Magiri-
dou, and Antonios Papadakis-Pesaresi. Atlas: Storing, updating and querying rdf(s)
data on top of dhts. Web Semant., 8:271-277, November 2010.



Bibliography

309

[KLL+97]

[KPO4]

[KSHSO08]

[KXZ05]

[LCCt02]

[LCLCO09]

[LCPT05]

[LKOO]

[LLK*07]

David Karger, Eric Lehman, Tom Leighton, Rina Panigrahy, Matthew Levine, and
Daniel Lewin. Consistent hashing and random trees: distributed caching protocols
for relieving hot spots on the world wide web. In Proceedings of the twenty-ninth
annual ACM symposium on Theory of computing, STOC 97, pages 654—663, New
York, NY, USA, 1997. ACM.

Georgia Koloniari and Evaggelia Pitoura. Content-based routing of path queries

in peer-to-peer systems. In EDBT, pages 29-47, 2004-

Marcel Karnstedt, Kai-Uwe Sattler, Manfred Hauswirth, and Roman Schmidt. A
dht-based infrastructure for ad-hoc integration and querying of semantic data. In
Proceedings of the 2008 international symposium on Database engineering &#38;
applications, IDEAS "08, pages 19-28, New York, NY, USA, 2008. ACM.

A. Kumar, J. Xu, and E.W. Zegura. Efficient and scalable query routing for unstruc-
tured peer-to-peer networks. In INFOCOM 2005. 24th Annual Joint Conference
of the IEEE Computer and Communications Societies. Proceedings IEEE, volume 2,
pages 1162 — 1173 vol. 2, March 2005.

Qin Ly, Pei Cao, Edith Cohen, Kai Li, and Scott Shenker. Search and replication
in unstructured peer-to-peer networks. In Proceedings of the 16th international
conference on Supercomputing, ICS '02, pages 84—95, New York, NY, USA, 2002.
ACM.

Dongsheng Li, Jiannong Cao, Xicheng Lu, and Keith C.C. Chen. Efficient Range
Query Processing in Peer-to-Peer Systems. IEEE Transactions on Knowledge and
Data Engineering, 21(1):78-91, Jan. 2009.

Eng Keong Lua, J. Crowcroft, M. Pias, R. Sharma, and S. Lim. A survey and compar-
ison of peer-to-peer overlay network schemes. Communications Surveys Tutorials,
IEEE, 7(2):72 — 93, quarter 2005.

J.K. Lawder and PJ.H. King. Using Space-Filling Curves for Multi-dimensional
Indexing. Lecture Notes in Computer Science, 1832/2000:20—35, 2000.

Jinwon Lee, Hyonik Lee, Seungwoo Kang, Su Myeon Kim, and Junehwa Song.
CISS: An efficient object clustering framework for DHT-based peer-to-peer ap-
plications. Computer Networks, 51(4):1072—1094, 2007.



310

Bibliography

[LPZ03]

[MAKO3]

[MAYUOS5]

[MCBT11]

[MDS]

[MI06]

[MJFSO01]

[MMO02]

[MPE7]

[INW10]

[OTZ103]

Laks V. S. Lakshmanan, Jian Pei, and Yan Zhao. Qc-trees: an efficient summary
structure for semantic olap. In Proceedings of the 2003 ACM SIGMOD interna-
tional conference on Management of data, SIGMOD 03, pages 64—75, New York,
NY, USA, 2003. ACM.

Mohamed F. Mokbel, Walid G. Aref, and Ibrahim Kamel. Analysis of Multi-
Dimensional Space-Filling Curves. Geoinformatica, 7(3):179-209, 2003.

Akiyoshi Matono, Toshiyuki Amagasa, Masatoshi Yoshikawa, and Shunsuke Ue-
mura. A path-based relational rdf database. In Proceedings of the 16th Australasian
database conference - Volume 39, ADC 05, pages 95—103, Darlinghurst, Australia,
Australia, 2005. Australian Computer Society, Inc.

J. Manyika, M. Chui, B. Brown, J. Bughin, R. Dobbs, C. Roxburgh, and Byers A.
H. Big data: The next frontier for innovation, competition and productivity, May
2011.

MDS. GT Information Services: Monitoring and Discovery System (MDS).
http://www.globus.org/toolkit/mds/.

Konstantinos Morfonios and Yannis loannidis. Cure for cubes: cubing using a
rolap engine. In Proceedings of the 32nd international conference on Very large
data bases, VLDB '06, pages 379-390. VLDB Endowment, 2006.

B. Moon, H.V. Jagadish, C. Faloutsos, and J.H. Saltz. Analysis of the clustering
properties of the Hilbert space-filling curve. IEEE Transactions on Knowledge and
Data Engineering, 13(1):124—141, Jan/Feb 2001.

P. Maymounkov and D. Maziéres. Kademlia: A peer-to-peer information system
based on the XOR metric. In Proceedings of the Ist International Workshop on
Peer-to-Peer Systems (IPTPS02), pages 53—65, Cambridge, USA, March 2002.

MPEG. MPEG-7  Overview, 7. Available  online:
http://www.chiariglione.org/mpeg/standards/mpeg-7/mpeg-7.htm.

Thomas Neumann and Gerhard Weikum. The rdf-3x engine for scalable manage-
ment of rdf data. The VLDB Journal, 19:91-113, February 2010.

Beng Chin Ooi, Kian-Lee Tan, Aoying Zhou, Chin Hong Goh, Yingguang Li,
Chu Yee Liau, Bo Ling, Wee Siong Ng, Yanfeng Shu, Xiaoyu Wang, and Ming
Zhang. Peerdb: Peering into personal databases. In SIGMOD Conference, page
659, 2003.



Bibliography

311

[OV11]

[QLO8]

[RDO1]

[RDF]

[RFHT01]

[RGM]

[RMO6]

[RRHS04]

[SC11]

[SDKRO03]

[SDRKO02]

M.T. Ozsu and P. Valduriez. Principles of Distributed Database Systems. Springer,
2011.

Bastian Quilitz and Ulf Leser. Querying distributed rdf data sources with sparql.
In Proceedings of the 5th European semantic web conference on The semantic web:
research and applications, ESWC’08, pages 524—538, Berlin, Heidelberg, 2008.
Springer-Verlag.

Antony I. T. Rowstron and Peter Druschel. Pastry: Scalable, decentralized object
location, and routing for large-scale peer-to-peer systems. In Proceedings of the
IFIP/ACM International Conference on Distributed Systems Platforms Heidelberg,
Middleware '01, pages 329—350, London, UK, 2001. Springer-Verlag.

RDE. Resource Description Framework(RDF). http://www.w3.org/RDF/.

S.Ratnasamy, P. Francis, M. Handley, R. Karp, and S. Schenker. A scalable content-
addressable network. In Proceedings of the 2001 ACM SIGCOMM Conference,
pages 161-172, San Diego, USA, August 2001.

RGMA. R-GMA: Relational Grid Monitoring Architecture.  http://www.r-

gma.org/.

John Risson and Tim Moors. Survey of research towards robust peer-to-peer net-
works: search methods. Comput. Netw., 50:3485—-3521, December 2006.

Sriram Ramabhadran, Sylvia Ratnasamy, Joseph M. Hellerstein, and Scott Shenker.
Brief announcement: Prefix Hash Tree. In Proceedings of the twenty-third An-
nual ACM symposium on Principles of distributed computing (PODC '04), pages
368—-368, New York, NY, USA, 2004.

Michael Stonebraker and Rick Cattell. 10 rules for scalable performance in simple
operation’ datastores. Commun. ACM, 54:72—80, June 2011.

Yannis Sismanis, Antonios Deligiannakis, Yannis Kotidis, and Nick Roussopoulos.
Hierarchical dwarfs for the rollup cube. In Proceedings of the 6th ACM interna-
tional workshop on Data warehousing and OLAP, DOLAP 03, pages 17-24, New
York, NY, USA, 2003. ACM.

Yannis Sismanis, Antonios Deligiannakis, Nick Roussopoulos, and Yannis Kotidis.
Dwarf: shrinking the petacube. In Proceedings of the 2002 ACM SIGMOD inter-
national conference on Management of data, SIGMOD ’02, pages 464—475, New
York, NY, USA, 2002. ACM.



312

Bibliography

[Sem]

[SGGO3]

[SGHT11]

[SHH*11]

[SKWO07]

[Sky]

[SMKT01]

[SOTZ05]

[SPO4]

[SPA]

[SQL]

[TH81]

SemWeb. Semantic web. http://www.w3.org/standards/semanticweb/.

Stefan Saroiu, Krishna P. Gummadi, and Steven D. Gribble. Measuring and an-
alyzing the characteristics of napster and gnutella hosts. Multimedia Systems,
9:170-184, 2003. 10.1007/s00530-003-0088-1.

Michael Schmidt, Olaf Gérlitz, Peter Haase, Gilinter Ladwig, Andreas Schwarte,
and Thanh Tran. Fedbench: A benchmark suite for federated semantic data query

processing. In International Semantic Web Conference (1), pages 585—600, 2011.

Andreas Schwarte, Peter Haase, Katja Hose, Ralf Schenkel, and Michael Schmidt.
Fedx: optimization techniques for federated query processing on linked data. In

Proceedings of the 10th international conference on The semantic web - Volume Part
L, ISWC’11, pages 601-616, Berlin, Heidelberg, 2011. Springer-Verlag.

Fabian M. Suchanek, Gjergji Kasneci, and Gerhard Weikum. Yago: a core of se-
mantic knowledge. In Proceedings of the 16th international conference on World
Wide Web, WWW '07, pages 697706, New York, NY, USA, 2007. ACM.

Skype. Skype website:. http://www.skype.com/.

L. Stoica, R. Morris, D. Karger, F. Kaashoek, and H. Balakrishnan. Chord: A Scalable
Peer-To-Peer Lookup Service for Internet Applications. In Proceedings of the 2001
ACM SIGCOMM Conference, pages 149-160, San Diego, USA, August 2001.

Yanfeng Shu, Beng Chin Ooi, Kian-Lee Tan, and Aoying Zhou. Supporting multi-
dimensional range queries in peer-to-peer systems. In Proceedings of the Fifth IEEE
International Conference on Peer-to-Peer Computing, pages 173—180, Washington,
DC, USA, 2005. IEEE Computer Society.

Cristina Schmidt and Manish Parashar. Enabling flexible queries with guarantees
in p2p systems. IEEE Internet Computing, 8:19—-26, May 2004-.

SPARQL. SPARQL Query Language for RDF. http://www.w3.org/TR/rdf-sparql-
query/.

SQLite. http://www.sqlite.org/.

H. Tropf and H. Herzog. Multidimensional Range Search in Dynamically Balanced
Trees. Applied Informatics, 2/1981:71-77, 1981.



Bibliography 313

[THO4] Igor Tatarinov and Alon Halevy. Efficient query reformulation in peer data man-
agement systems. In Proceedings of the 2004 ACM SIGMOD international confer-
ence on Management of data, SIGMOD 04, pages 539-550, New York, NY, USA,
2004. ACM.

[THS07] Egemen Tanin, Aaron Harwood, and Hanan Samet. Using a distributed quadtree
index in peer-to-peer networks. The VLDB journal, 16:165—178, April 2007.

[TRO6] Dimitrios Tsoumakos and Nick Roussopoulos. Analysis and comparison of p2p
search methods. In Proceedings of the Ist international conference on Scalable
information systems, InfoScale 06, New York, NY, USA, 2006. ACM.

[TS06] Andrew S. Tanenbaum and Maarten van Steen. Distributed Systems: Principles
and Paradigms (2nd Edition). Prentice-Hall, Inc., Upper Saddle River, NJ, USA,
2006.

[Twi] Twitter. twitter. http://twitter.com/.

[TXDO03] Chungiang Tang, Zhichen Xu, and Sandhya Dwarkadas. Peer-to-peer information
retrieval using self-organizing semantic overlay networks. In SIGCOMM, pages
175-186, 2003.

[Vir] Open-Source Edition Virtuoso. Version 6.1.

http://www.openlinksw.com/wiki/main/Main.

[WJOTO09]  Sai Wu, Shouxu Jiang, Beng Chin Ooi, and Kian-Lee Tan. Distributed online ag-
gregations. Proc. VLDB Endow., 2:443—-454, August 2009.

[WKBO0S] Cathrin Weiss, Panagiotis Karras, and Abraham Bernstein. Hexastore: sextuple
indexing for semantic web data management. Proc. VLDB Endow., 1:1008-1019,
August 2008.

[WLC] WLCG. Worldwide lhc computing grid. http://lcg.web.cern.ch/LCG/public/default.htm.

[WLOTO08] Sai Wu, Jianzhong Li, Beng Chin Ooi, and Kian-Lee Tan. Just-in-time query re-
trieval over partially indexed data on structured p2p overlays. In Proceedings of the
2008 ACM SIGMOD international conference on Management of data, SIGMOD
‘08, pages 279-290, New York, NY, USA, 2008. ACM.

[ZDN97] Yihong Zhao, Prasad M. Deshpande, and Jeffrey F. Naughton. An array-based al-
gorithm for simultaneous multidimensional aggregates. In Proceedings of the 1997
ACM SIGMOD international conference on Management of data, SIGMOD 97,
pages 159-170, New York, NY, USA, 1997. ACM.



314 Bibliography

[ZFS07] X. Zhang, J. Freschl, and J. Schopf. Scalability analysis of three monitoring and
information systems: MDS2, R-GMA, and Hawkeye. /. Parallel Distrib. Comput.,
67(8):883-902, 2007.

[ZHDRO9]  Jing Zhou, Wendy Hall, and David De Roure. Building a distributed infrastructure
for scalable triple stores. Journal of Computer Science and Technology, 24:447—462,
2009. 10.1007/s11390-009-9236-1.

[ZHST04] B.Y. Zhao, Ling Huang, J. Stribling, S.C. Rhea, A.D. Joseph, and ].D. Kubiatowicz.
Tapestry: a resilient global-scale overlay for service deployment. Selected Areas in
Communications, IEEE Journal on, 22(1):41-53, Jan. 2004.

[ZSLT05] Hai Zhuge, Xiaoping Sun, Jie Liu, Erlin Yao, and Xue Chen. A scalable p2p plat-
g ping pZp p
form for the knowledge grid. IEEE Trans. on Knowl. and Data Eng., 17:1721-1736,
December 2005.



	 Adaptive Management and Search of Large Scale Data in Distributed Systems
	Introduction
	Problem Description
	Contribution of the Thesis
	Outline of the Thesis

	Data Management exploiting Peer-to-Peer Technologies
	Peer-to-Peer Overlays
	Distributed Hash Tables
	Indexing Τechniques in Peer-to-Peer Networks
	Indexing of Semantic Data in Peer-to-Peer Οverlays
	Handling Multidimensional Data in Peer-to-Peer Overlays
	The Multidimensional Data Model
	Indexing techniques in Peer-to-Peer Overlays

	Grid Computing
	Exploiting Space Filling Curves for a Distributed Metadata Catalog

	Adaptive Methods for Distributing and Searching Concept Hierarchies
	Introduction
	Notation
	Data Insertion
	Data Lookup and Soft-state Indices
	Re-indexing Operation
	Updates

	Discussion
	Memory Requirements
	Parameter Selection
	Consistency

	Experimental Results
	Simulation Setup
	Performance Under Different Levels of Skew
	Testing against Multiple Bias Points
	Performance in Dynamic Environments
	Storage Load for Different Number of Nodes
	Effect of the Imax Parameter
	Performance for Hierarchies with Different Number of Levels
	Performance for Dataset of the APB Benchmark
	Updates
	Other Experimental Results

	A Distributed Grid Information System
	Evaluation of the Proposed Grid Information System

	A Distributed System for Interlinking Multidimensional Data
	Introduction
	Notation and Definitions
	Data Insertion
	Query Processing
	Exact Match Queries
	Flood Queries
	A Query-driven Approach for Partial Materialization
	Indexed Queries

	Adaptive Query-driven Re-indexing
	Experimental Results
	Simulation Setup
	Performance Under Different Number of Dimensions and Levels
	Query Resolution for Different Types of Datasets
	Precision for Skewed Workloads
	Testing against Partial Materialization
	Cost of the Various Types of Query Resolution
	Performance for Dataset of the APB benchmark

	The Linked Data Paradigm
	PI4LD: A P2P Indexing Scheme `FOR' Linked Data
	Data Model in PI4LD
	Notation and Definitions
	Organization of Data

	Querying Linked Data
	Query-driven Re-indexing
	Experimental Evaluation
	General Setup
	Datasets
	Query Sets
	Query Performance over Query Categories
	Concurrent Queries
	Scalability of the System


	Conclusions and Future Extensions
	Future Destinations


	 Προσαρμοστική Διαχείριση και Αναζήτηση Δεδομένων Ευρείας Κλίμακας σε Κατανεμημένα Συστήματα
	Εισαγωγή
	Περιγραφή του Προβλήματος
	Συμβολή της Διατριβής
	Οργάνωση της Διατριβής

	Διαχείριση Δεδομένων με χρήση Τεχνολογιών Ομότιμων Κόμβων
	Επικαλύψεις Ομότιμων Κόμβων
	Κατανεμημένοι Πίνακες Κατακερματισμού
	Τεχνικές Δεικτοδότησης σε P2P δίκτυα
	Δεικτοδότηση Σημασιολογικών Δεδομένων σε P2P επικαλύψεις
	Διαχείριση Πολυδιάστατων Δεδομένων σε P2P επικαλύψεις
	Το Πολυδιάστατο Μοντέλο Δεδομένων
	Τεχνικές Δεικτοδότησης σε P2P επικαλύψεις

	Τεχνολογίες Πλέγματος
	Εκμετάλλευση των Καμπύλων Πλήρωσης του Χώρου για τη Δημιουργία ενός Κατανεμημένου Κατάλογου Μεταδεδομένων

	Προσαρμοστικές Μέθοδοι για την Κατανομή και Αναζήτηση Εννοιολογικών Ιεραρχιών
	Εισαγωγή
	Συμβολισμός
	Εισαγωγή των Δεδομένων
	Αναζήτηση των Δεδομένων
	Προσαρμοστική Δεικτοδότηση
	Ενημερώσεις

	Θέματα προς Συζήτηση
	Απαιτήσεις σε μνήμη
	Επιλογή των Παραμέτρων
	Συνοχή των Δεδομένων

	Πειραματική Αξιολόγηση
	Περιγραφή της Εξομοίωσης
	Απόδοση για Πόλωση προς Διαφορετικά Επίπεδα
	Μελέτη των Προτεινόμενων Τεχνικών για Φορτία με Πολλαπλά Πολωμένα Σημεία
	Απόδοση σε Δυναμικά Περιβάλλοντα
	Απαιτήσεις για Αποθηκευτικό Χώρο ως Συνάρτηση του Αριθμού των Κόμβων
	Μελέτη της Επίδρασης της Παραμέτρου Imax
	Μελέτη της Επίδρασης του Αριθμού των Επιπέδων των Ιεραρχιών
	Μελέτη της Απόδοσης του Συστήματος για Δεδομένα του APB bennchmark
	Ενημερώσεις
	Συμπληρωματικά πειραματικά αποτελέσματα

	Ένα Κατανεμημένο Grid Information System
	Αξιολόγηση του Προτεινόμενου Grid Information System

	Ένα Κατανεμημένο Σύστημα για τη Διασύνδεση Πολυδιάστατων Δεδομένων
	Ένα Κατανεμημένο Σύστημα για τη Διασύνδεση Πολυδιάστατων Δεδομένων
	Συμβολισμός και Ορισμοί
	Εισαγωγή των πολυδιάστατων δεδομένων
	Επεξεργασία Ερωτημάτων
	Exact Match Ερωτήματα
	Flood Ερωτήματα
	Μία Προσέγγιση που Διαμορφώνεται από τα Ερωτήματα για τον Προ-υπολογισμό τους
	Indexed Ερωτήματα

	Προσαρμογή της Δεικτοδότησης σύμφωνα με τα Ερωτήματα
	Πειραματική Αξιολόγηση
	Περιγραφή του Συστήματος
	Μελέτη της Απόδοσης του Συστήματος για Διαφορετικό Αριθμό Διαστάσεων και Επιπέδων
	Μελέτη του Τρόπου Επίλυσης Ερωτημάτων για Διαφορετικούς Τύπους Συνόλων Δεδομένων
	Μελέτη της Απόδοσης τους Συστήματος για Πολωμένα Φορτία Ερωτημάτων
	Μελέτη της Χρήσης του Μερικού Materialization
	Μελέτη του Κόστους Διάφορων Τρόπων Επίλυσης Ερωτημάτων 
	Μελέτη της Απόδοσης του Συστήματος για Δεδομένα του APB benchmark

	Το Παράδειγμα των Διασυνδεδεμένων Δεδομένων
	PI4LD: Ένα P2P Σύστημα για τη Δεικτοδότηση Διασυνδεδεμένων Δεδομένων (P2P Indexing Scheme `FOR' Linked Data)
	Μοντέλο Δεδομένων στο PI4LD
	Συμβολισμοί και Ορισμοί
	Οργάνωση των Δεδομένων

	Επερώτηση Διασυνδεδεμένων Δεδομένων
	Προσαρμογή της Δεικτοδότησης ανάλογα με τα Ερωτήματα
	Πειραματική Αξιολόγηση
	Γενική Περιγραφή της Πειραματικής Διαδικασίας
	Σύνολα Δεδομένων
	Περιγραφή των Ερωτημάτων
	Μελέτη της Απόδοσης για τις Διάφορες Κατηγορίες Ερωτημάτων
	Ταυτόχρονα Ερωτήματα
	Επεκτασιμότητα του Συστήματος


	Συνολική Επισκόπηση και Μελλοντικές Επεκτάσεις
	Μελλοντικές Επεκτάσεις



