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Iepiinyn

H &0peon otevd cuvdedepévov voypapnuatoy, 0nmg eivor ot kKiikeg 1 ot quasi-cliques,
etvar éva onuovtikd mpoPANUe oV EMOCTAUN TV oOHVOETOV SIKTO®V. ZNUOVTIKEG
EQUPUOYES Ppiokovial oTo KOW®VIKA diktva kol otnv ProAoyia, peta&d GAAwv, O6mov ot
TANPOPOPiec UTOPOVV VO avaTOPAcTAOOVV MG YpaprHata, KaOEva amd Ta omoia avamoploTd
Kdamolov €idovg oyéong petald towv oviotitwv. H cuAloyn OA®mV autdv TV YpoenuiTov oe
éva. Lovaolkd ypaenuo dmuovpyel éva moAV-emimedo yphonua. XpnoUOTOIOVINS TNV
mAnpoeopiac amd KAbe €mimedo TOL YPAPNUOTOG UTOPOVUE VO OVOKOADYOLUE TIS TLO
EVOLLPEPOVGES OULAOES OVIOTNTOV.

H pelém, o oyedwopdg kot m ovamtuén AOYIOUIKOD €0PECTC KOWOTHTMOV Eival TO
QVTIKEILEVO NG TTOPOVGOS SMAOUATIKNG epyaciac. Baciopévo otov alyoptdpo MIMAG
(Mining Multi-layered, Attributed Graphs) avamtoynke to Aoyiopiké MCD (Multi-layer
Community Detector) otig yAdooeg Scala kor Spark. O MCD déyetar g gicodo éva apyeio
10 omoio TeplEyel £vo. TOAVETIMEDO dikTLO KOl €VTOTILEL TA MO OTEVA KOl EVOLPEPOVTOL
VTTOYPOLPTLLOLTOL.

210 Kepdiowo 1 yiveton m mapovsioon TV YAwoochv kKot tov Piprlodnkdv  mov
xpNoomomOnKav Kot eEnyeitar o TpOMOG £YKATAGTACNG TOVG. To KEPAANO 2 TEPLEYEL TIG
eloaywykég évvoles. To kepdioto 3 mepiéyel pio avookdmnon ot Bewpia. X10 Kepdroo 4
napovotaletar kot avoivetar o poviého MLCS, 1o povtého tov cluster, to povtélo
opadomoinong tovg kot 1 TAEovaLovca GYECT. XTo KEQAAUO 5 avaAdetor o aiyopiOpog
MIMAG kot 1 mowdtnta tv vrodévipmyv. To kepdlolo 6 mepEyel TIC SIAPOPES TEXVIKES
KAadEpaTog Ko Bertioong Tov AoYIoHKoD. XT0 ke@AAato 7 e&ényeital To TPOYPOUUOTIOTIKO
HEPOG TOV AOYIGHKOD Kol TOPOLGLALOVTOL ToL UvOLTa TOL R@avilovTol Katd TV EKTEAEST
tov. To Kepdhioto 8 givorl T0 TEPAUATIKO LEPOG TNG EPYOACING KOL TEPLEYEL TNV TAPOLGIOOT
TV OIKTO®V ota omola de&dyfnkav To mepduoato Kot To amoteAéopoto. TEAOG, o©To
kepdAaio 9 Ppioketar m cOHvoyn TOV SLVOTOTATOV KOl COLVOULOV TOL AOYIGUIKOD Kot

avapopd oe THAVES LEALOVTIKES ETEKTACELG.
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Abstract

Finding closely connected subgraphs, such as cliques or quasi-cliques, is an important
problem in the science of complex networks. Many applications can be found in social
networks and biology, among others, where information can be depicted as graphs, where
each graph represents some type of relation between the existing entities. The collection of all
of these graphs in a single one forms a multi-layer graph. Using the information of each layer
of the graph we can discover the most interesting group of entities among them.

The study, the design and the development of a software that can find communities is the
objective of the current thesis. Based on the MIMAG algorithm (Mining Multi-layered,
Attributed Graphs) the software MCD (Multi-layer Community Detector) was developed in
the languages Scala and Spark. MCD takes as input a file that contains a multi-layer network
and finds the closely connected and interesting subgraphs.

In chapter 1 is the presentation of the languages and libraries that have been used in this
project and the way of their installation. Chapter 2 contains introductory meanings. Chapter 3
contains a review of background theory. In chapter 4 the MLCS model, the cluster’s model,
the clustering’s model, the quality and the redundant relation are all presented and analyzed.
In chapter 5 the MiIMAG algorithm and the quality for subtrees are analyzed. Chapter 6
contains various pruning techniques and improvements of the software. In chapter 7 the
software’s development is explained and the output messages during execution are presented.
Chapter 8 is the experimental part of this project and contains the networks in which the
experiments were conducted and the results. Finally, chapter 9 contains the summary of the

software’s features and weaknesses and reference to possible feature enhancements.
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1. Evoayoym

1.1 Aoywopikd wov ypnoinomomiOnkay (Scala)

H vyAdooa mpoypappoatiopod Scala mov ypnowomombnke vy v ovamtoén Ttov
npoypaupatog ivor akpmvoulo yio “Scalable Language”. H mpotn tng éxdoon ftav tov
Iavovdpio tov 2004 ko 1 ékdoon mov ypnoiponondnke oto Tpdypoupa ivarn 2.11.8 .

H Scala vmoompilet 10 OVIIKEWEVOOTPAPY] KOL TO GLVOPTNOLOKO  HOVTEAO
TPOYPOUUATIGHOD Kot £XEL VIOOBETAOEL Eva HEYAAO UEPOG TOL GLVTAKTIKOL TNG amd Tnv Java

kot C# .

Ewxoéva 1 - Ilpoyovor tyg Scala

Simula
Lisp objects Prolog
functional . cvntax Smalltalk
programmuing y pattern
matching
ML

C++

Erlang

Haskell
‘ " Aclors

Scala

Inyn: Horadémovirog, 2015



1.2 Aoywopikd wov ypnoinoromiOnkay (Spark)

H Spark eivor puo evorompévn nhateopuo yuo cluster computing, mov kabiotd wcovr v
amoTeEAEGLOTIKN Storyeipion, avaivon kot eneEepyacio yia big data. ‘Exet API ywo Scala, Java,
Python, R. Eivan cupparti pe dedopévo oe popery HDFS, HBase, Cassandra, Hive, kot kde

Hadoop InputFormat.

O1 BBAodnKeg mov vdpyovV oLTH TN oTIYUN| Elvat:
- SQL Lib

- Streaming Lib

- Machine Learning Lib (MLlIib)

- Graph Lib (GraphX)

1o mpoypappa xpnoiporodnke extevas to GraphX to omoio mepiéyet APl yio ene&epyaocia
ypoonpatwv. Emiong, mepiéyet viomompuévovg akyopiBpovg onmg PageRank, Connected
components, Label propagation, SVD++, Strongly connected components, Triangle counting,

Core decomposition, kat GAAOVG, TOV OEV XPNGIULOTOONKAY.

Eixova 2 — To owxosbotyue tng Spark

A : N
[@Scala] [£me] [Pewio] (TR | e
Dataframes i ML Pipelines
LIBS

Streaming

INPUT/OUTPUT CLUSTER MANAGER
Iyyy: Homadomoviog, 2015



1.3 Aoywopikd wov ypnoymoromOnkay (IntelliJ)

o v ovyypaen tov KddKe ypnoponomdnke to mpodypappa IntelliJ. To Intellid givar
éval oOAoKANpOUEVO TTEPIPAAAOV avaTTuENG Aoyiopkod Kot pmopel va tpé€et oe Windows,
Mac OS ko Linux. Mropei va. vrrootnpi&el Scala kot pmopei kaveic edkolo va mpochécet Tig

Biprodnkeg yro to Spark.

Eixéva 3 — To mepifdriov avarroéng loyicuikov Intellid

r Build Run T

try graph >

B Project
v [Egtry_graph ~/IdeaPro try_graph
» [.idea

ion.mutable.L

jon.mutable.Queue

LF: UTF8:

ITInyy: Idia emeéepyacio



1.4 Xmiowo tov Spark 2.0 pe Scala APl o¢ Windows 10 oto
IntelliJ ékdoong 2016.3.3 kot dSnuovpyia £vog project.

1. Apywd ypewaletor va KotefAOCOLUE KOU VO EYKOTOGTICOVUE TO TPOYPOLLLLLOL
avartuéng Aoyiopkov IntelliJ. H mapodoa £kdoon givar n 2016.3.3 ko pmopet va
Bpebel otov mapakdT® cVVOEGHO:
https://www.jetbrains.com/idea/download/#section=windows

2. 'Emeita, npénel va kotefdoovpe v televtaio ékdoon tov Oracle/Sun JDK.
http://www.oracle.com/technetwork/java/javase/downloads/jdk8-downloads-
2133151.html

3. Ipéner va onuovpynoovpe wee Environment Variable. Avté umopei va yivel
mmyaivovtog:

My Computer > Properties - Advanced system settings - Environment
Variables > New

Ewcéva 4 — New Environment Variable

Edit User Variable x

Variable marme: JENA HOME |

Variable value: C\Program Files\ Java'jdk1.8.0 121 |

Browse Directory... Browse File... [ Cancel

IIyyi: 1oio emelepyacio

4. Avoiyovtog 1o Intelli) mopaieimrovpe Tig Sopopemoslg kol dgv ypetdletor vo
€YKATAGTAOOLE TimoTa, HéXpL va Ppebovue oto onueio ‘create new project’:


https://www.jetbrains.com/idea/download/#section=windows
http://www.oracle.com/technetwork/java/javase/downloads/jdk8-downloads-2133151.html
http://www.oracle.com/technetwork/java/javase/downloads/jdk8-downloads-2133151.html

Ewxova 5 - Create New Project Screen

Welcome to Intelli] IDEA — *

IntelliJ IDEA

Version 2016.3.3

1" Create New Project
¥ |mport Project
== Open

¥ Check out from Version Control =

## Configure + Get Help =

IInyij: 1oia emelepyacio

5. Xt0 kGt pépog ™G ewovag mnyoivoope oto Configure = Plugins - Browse
repositories ko eykofiotovpe to Scala plugin kot to SBT plugin.

Eixéva 6 - Eykardoracny Scala plugin, SBT plugin

1
@ ) ‘ Browse Repasiteries x
Era—— e
Sonbyrame Y | LANGUAGE
“a Ant S it
‘. s . LivePlugin 12886 dededed Scala
‘s Bytecode Viewer PLUGIN DEVELOPMENT one menth age
- nstal
w Copynght ., MoreUnz 11,037 wkdk
n Coverage UNIT TESTING ve month a9 drddnty 5430724 dow
"n CVSintegration l g SBY 348,608 oiean
w Eclipse Integration BULD E plugn extends Intelli) IDEA's toolset wih
TotACt 3 war support for . S8BT, s, Hocon, and Play
‘n EditorConfig g S8 Chaniebistiction 1Rfw Framework. Support for SBT and Hocon is
5 ; TOOLS INTEGRATION 4 years ago available for free in Intelk) IDEA Community Edition,
n Gitlntegration T Exacitor 5 while Support for Play Framework and ST is is
% Gi { available onty in inteli IDEA Uttimate.
w GitHub o
ars 39
‘w Gradle
p A e > JotBraing
w Groowy LANGUAGES 2 days aq0 DEg e [eIDraing com
n Dodides Scals Imports Orgarzer 46,161 Phegin homepage
“m 118nfor Java FORMATIING 2 years 290 atbrai
33135 i lijel
'w Intelilang y Scalafmt S Toueie EA ‘ 5 ol :
- . FORMATTING 11 hours a9
w Java Bytecode Decompiler RS s . - ? Size
JaaaFX
W | HTTP Prowy Settings... | | Manage repositories...
w JUnit 1
Check of uncheck a phigin 10 enable Vj
e Ve -

IIyyy: 1oia exeéepyacia



6. Kdvooue enavekkivnon to IntelliJ 6nwg (nteitan.

7. Anuovpyovpue €va kovovpyto Scala SBT Project:

Ewxéva 7 - Aquiovpyia Scala SBT Project

B tew Project *
& Java =;E scala E
0 Jave FY =E Dotty

Intelli) Platform Plugin = Activator
Maven
(& Gradle
8 Groovy
) Griffon
K Kotlin
& Empty Project
SBT-based Scala projact

Iyyy: 1oia emeéepyacia

8. Anuiovpyodue to project pe tig axdAovdeg pvbuiceic. Tlpocoyn ypetaleton otnv
emloyn g ékdoong tng Scala, ywrti mpénet vo vrootnpileton amd v £K600T TOL
Spark.

Eixéva 8 - Project Configurations

Bl Mew Praject *
)

Project name: | spark_example

Project [ocation: | Chlbsers\hmitl deaProjectshspark_mxample r

Project S0 | 4 Java version "180 121" (C/\Program Files\Javaljd] 80 121 H [ new.. |

SET version: |0'13'13

Scala version: l 22 n
[ Use auto-import

Create directories for empty content roots autornatically

Saurces Javadocs Saurces for SET and plugins
Download: Pug

b Morg Settings

Finish Cancel Hel
BN [ o | [ b |

Iyyy: Ioia exeepyacia



9. Ilepuévoupe péypt va oAokAnpmbovv ot diepyacieg apyikonoinong tov IntelliJ!

Eixéva 9 - Waiting for Index Completion

& Scanning files to index [: ] w QO

IIyyi: 1oto emeepyacio

10. X& av16 10 onpeio yperaletar va eTIAEovLE TIg pubuicels yua tig BifAodrkeg yio To
véo project. IInyaivoupe oto File = Project Structure - Libraries kot mpocOétovpe
116 PMobNKkeg amd to Maven dmwg @aiveton mopaKkdTo:

Ewova 10 - IlpocOson Biffiio0nkov

& + -0 . : s
ane: | SBT: orgacala-lingsscala-hbans2.11.259¢
U3 SBT: crgscataslangs
Progect Settings
Progect Nersion: | Scala2.11 n
Modules Compiler classpath:

CAUsers\Ben\L vy 2\cach\ crg scala-lang\scala-compiled jars\scala-compiler-2.17.2 jar +
Facets CAUsers\hen\.nyZ\cachel org.scala-lang\scala - dbeaey'yarshscala - lrary - 2.11.2 1
Artifacts Ch\Users\hn\.iey2\cache\ org scala-lang\scala-reflect\jars\scala-reflect-2.11.24ar

Platform Settings u Dowrdoad Library From Maven Reposttcry X
SOKs — %
[org apachesparkspark-core_2,11:2,04] n QU ‘.::,3 0

Global Libepries
keyword or dlass name to search by or exact Maven coordinates, Le. sprng’, ‘Logger or ‘antantjunit: ) A5

Problems C Download to: C\Users\hm\ldesProjects\speck_examplellib ‘ .
] Sources [ JwaDocs

[ox ] [ |2

W CsershmUny2icachelorg. scala-lang scala-library\sres\scala-hbrary-2.11 2-sources.jor

IIyyi: 1oio emelepyacio
Ot BBhobnkeg mov Tpémel va mpootebovv givat:

Ewxova 11 - BifflioOnxes

Package Artifact ID
org.apache.spark:spark-core_2.11:2.0.0) spark-core_2.11
org.apache.spark:spark-sql_2.11:2.0.0 spark-sql_2.11
org.apache.spark:spark-mllib_2.11:2.0.0 spark-mllib_2.11
org.apache.spark:spark-streaming_2.11:2.0.0 spark-streaming_2.11
org.apache.spark:spark-graphx_2.11:2.0.0 spark-graphx_2.11

ITyyip: Nahoom-Kabakov, 2016



Kabdg mpocsBétovpe v kdbe pio PpAiodnkn mpémer vo emiéovpe ta €ENG
modules:

Eixova 12 - Emidoyi twv modules

.'"C|E Ct Structure
& B Choose Modules #
M org.apadd i ‘org, spaespark-core_21 12000 will be added to the selected modul

L2 5BT: arg.s|

Praject Settings
Project
Madules

piler-2.11.2 jar +
Facets 112 ar
Artifacts L11.2 jar

Platform Settings
SDEs
Glabal Libranes

Prablerns [1]

!

ibrary-2.11.2 a1

library-2.11.2-sources.jar

o) (e

IIyyij: Ioio emeepyacio

11. Mo tedewwost 1o Intelli) v enefepyocia tov pvbuicemv umopodue va
dokudoovpe av dovievovv. Inyaivovue oto project pog spark_example - New
Directory:

Eixova 13 - Aok 1

Bl New Directory x
] Enter new directory name:
[ src/main,scala ]

IIyyy: Ioia exeéepyacia



Ewxova 14 - Aoxyuij 2

Bl Create New Scala Class >

Marme: [spark_examplel ] Tl

Kind: | (@ Object =

IInyn: Idia exelepyacia
O doKIoTIKOG KMOKOG pmopel va glvat o e€ng:

Ewova 15 - Aoukij 3, Kddikag

1 import org.apache.spark. [SparkConf, SparkContext]
2

k] _,J’ £x

4 * Created by Lazaros.

5 =

i

object spark example |

=]

I-|_"_'| def main{args: Array[3tring]): Unit = {

=
O wom

val conf = new SparkConi()
.gethppName (" Load graph")
.getMaster("local™)

[ S
P T N

val sc = new SparkContext{conf)

[y
[

println({ac)

e
mo-1
—
—

IIyyij: Ioio emeepyacio

To cwotd output potdlet Kanwg £ToL:

Ewxova 16 - Aoxwun 4, Output

*C:\Progran Piles\Java\jdri.e.0 121\bin\jawi
Tsing Spark's cefeult 1004) profile: org/apache/spark/iogd)-defsults.properties

17/01/27 02:08:49 INFO SparkConzext: Runaiag Spark version 2,0.0

17/01/27 02:08:49 WARN FaviveCodeLosder: Tmable o lcad nasive-hadocp library for your plasfomm... using bailtin-java classes where applicable
Changing viev acla = ™

Cuanging modaty acls toi ba

Changing view acls grevps to:

1 Changang medity acls growps ot

12/02/2
19701727
12/01/27 dizabled
17,0127 ) INFO Dtils: Successfully sterted service 'sperkDriver' on port ¥
? % Regietering Naplutya <k
429 BlociteragerMester
Created local directory at C: A \Local\Te 1 9 1-424
arted vith capacity £33.7 48

acls dizsbled; usess with view permissicas: Ses(im); groups with view pe

0, ond started oc hotpi//i$d.169.1.86:4940

10 driver en hast lecalhost

ed service '07g.apache. spark.met 35y v on perz IN7,
: Server crested co 192.168.1.66:381)
¢ Reglsterizg

12/01/27
17708227 €2.1.66, 3017)

Block maseger 102.162.1.66 vith £99.7 }8 RAX, BlockMasagesTd(drives, 192.166.1.66, 3817)
Begistered X 2 192.1€48.2.6€, 3817}

INED Sparitontext: Ievoking atep() from shutdown back

INFO SpATRUL: 350pped Spazx web UI At BEtp://192.362.1.46:4040
mF0 szoppest
I¥TS Memoryssore: Memorydsore clesred

INFO Slocivanager: Blocitanager stepped

1§80 reopped
mee iae: stegped!
INFO SparkCeatext: 1y stepped
IXP0 Swzdowmllodictaanger: Shuzdown book called
17/0127 e Deletizg zezy C: X Zocal\T

Precess finished with exit code 0

IInyij: 1oia erelepyacio



2. Evoayoyn

2.1 Evooyoyika yuo ta Xovleta Aiktoa

Aiktvo Bempeitar P GUALOYT OVTOTTOV OV £ivoil SLOGVVOESEUEVES LLE KATOLOVG OEGLOVG
Kot propet va avamapoactadet pe éva ypaonua. 'H ovtomta pmopetl va etvor otidnmote (évag
dvBpwmoc, évag opyovIoUOg, £VOG VTOAOYIOTAG, K.0.) KOl 1) oOVOEST TOVG VITOONAMVEL Lo

oxéon petosd Tv KouPov (piiio, cuvepyocsiao, Exaen, K.o.).

Ewova 17 — I'papnua evog o1xtvov

= e e
WP L
) A‘o»&:‘;:
)

Inyyn: http://www.recruitingunblog.com/

‘Eva 60vBeto diktvo givan éva diktvo pe peydio aplBud dtacvuvdedepévov Koppov. Avtd
mov kobotd T dikTva cvVOeTa givan OtTL glval TOGO pPEYOAN OOTE Vo givon adbvatov va

Kataddfoope M vo mPoPAEYOVUE TNV GUUTEPLPOPE TOLG KOLTAOVING TNV GULUTEPLPOPA



pepovouévav KOupov 1 ovvoécewv. H emotiun tov obvletmv OIKTVOV EMOIOKEL VA

TEPLYPAYEL TIG WOLOTNTEG KOL TOL YALPOKTNPLOTIKA QLTAOV TOV OIKTOMV.

Ewxova 18 — To ypapnua evog avvOetov diktiov

ITyyx: http://social-physics.net/

H mpocéyyion g avarapdotaong evog TpoPAUOTOC He YPAQNUO £YIVE YO TPAOTN POPd
tov 18° acudva and tov pabnuatikd Leonard Euler (1707 — 1783) dtov pekétnoe to TpdfAnua
TV entd yepupov otnv woin Konigsberg. To mpofinpo frav edv kdmolog pmopodos v
TEPACEL O OAES TIG YEPVPES KO VO YVUPIGEL 6TO apykd onueio ywpig vo mepdoet amd Kopio
vépupa mopamave omd po opd. [épacav 200 wepimov ypdvia, dtav to 1936 ekd6Onke po
povoypagio amd tov Ovyypo padnupotiké Denes Konig. H Oswpia avartoydnke cvviopo
petd ko tédnkav ta Bepéha g Bewpia Tov VYOOV Ypaenudtov and Tovg OvYYpovg

pobnpotikovg Paul Erdos (1913 — 1996) xor Alfred Renyi (1921 — 1970), ota téAn g

11



dekaetiog tov 1950 kol Bewpeiton N TPOTN ALOTNPY KOL OAOKANPOUEVN OVTIANYM TNG

povtépvag Bempiog TV ypoenuatmy.

Eiwxova 19 - To mpofinua twv 7 yepopnv

C
-

IIyyi: http://physics.weber.edu

2116 pépeg pog, ta ovvheta dlktva givor pio piEn moAADV EMGTNUOVIKAOV TTEdi®V, amd TV
EMOTNUN TOV VLTOAOYIOTOV KOl TO EQOPUOGHEVO HAONUOTIKO ®G TO OIKOVOUKE, TNV
Bloioyia, TNV KOIVOVIOAOYiQ, AVOADOVTOG TO YOPOKTPLOTIKA KOt TIG OUES SOPOP®Y OUAdWMV
Kot €Wov mpofinudtov. Efetdloviog to ovvoAlkd diktvo, Toug KOUPOLE KOl TOLG
OLVOEGHOVG UETAED TOVG, UTOPEl KOVEIG Vo OVIANGEL CNUOVTIKE GUUTEPAGUOTO Yol TNV
CLUTEPIPOPE TOV GLGTNUATOS. MePIKA amd To OVTIKEIHEVO HEAETNG TV GOVOET®V SIKTVWV
elval o1 KevipikOTNTEG, 1M EVPECT KOWOTNTOV, N e€AmAmon acheveldv Kol 1 evpwoTtio TV
dwktowv. Xtnv Poroyio pmopel va ypnowomomBodv ta ocvvbeta diktva Yoo TNV
AVOTOPACTACT TPOTEIVAOV KOl CAANAETIOPAGE®V HETAED TOVG, SIKTLO TPOPIKAOV OAVGId®MV

KOl OlKOGLOTNUAT®V, Yovdiov Kot GAAwv. Xpnowomolwviag tnv Oesmpio g dddoong

12



a0OEVEIDV VTAPYOVV  EPAPUOYES YO LOTPIKOVG OKOTOVG, Yol TNV OCPAAELN OIKTO®V

VTOAOYIGTIKMOV GUGTNUAT®V KOl Y10 TNV 01400071 10EMDV.

Ewova 20 - IHlapadeiypata ypions twv ebvletwy diktimy

Biology Epidimiology Terrorist Network Network Robustness
e | VR _ ~
e : 3! :
T B S—— : : .
T “Re N , e s F & . 5
sy Bvy ’é oy : i 5 . K. 1
S L A ":o.,

% 3 £y
3D Interactome E st

Law Robustness Thigh Robustacss High Rabusiness
Low Inasvatian High Tnnovation Lew lnssvation

b
L £

Iyyés: http://sbnb.irbbarcelona.org/, http://currents.plos.org/, http://jtr.st-andrews.ac.uk/, http://www.pnas.org/

To peyahvtepo meipapo mov de&hybnke éywve otig 21/11/2011 omd v Facebook Data
Team yia to «Small World Project» 6mov peletdton o pécog Pabpog doywpiopod amd tov
KGOe evepyd ypNnotn ®g mPog omolovonmote GAA0. Ymnpyov 721 ekatoppdplo evepyol
YPNOTES (KOPLOES) Ko 69 dioekatoppdpla eaieg petald toug (akpég). Ta amotedéspata Tov

TEPALOTOG NTOV OTL 0 PEGOG Paduodg dtoympiopov Nrav 4,74.

13


http://sbnb.irbbarcelona.org/
http://currents.plos.org/
http://jtr.st-andrews.ac.uk/

2.2 I'vootiké vropadpo

Cpdonua givor n avamopdotacT vog cLVOAOL GTol eIV, 0oV peptkd (evydpila oTolyeimv
ouvdéovtar petah Tovg pe decpovg. Ta dtacvvoedepuéva, GToLElD aVOTAPICTOVIOL LE
poOnpotikéc évvoleg ot omoieg ovopalovtal Kopueég, €vd Ol OECHOL OV GLVOEOLV Ta
Cevydpra Tov kopvedv ovopdalovror akpéc. H moapaxkdtom ewovo ametkovilel Evo amhd, pn

KatevBuvouevo ypdoenuo.

[ToAvduaotato ypdonua eivar £vo GHVOAO N LOVOSIACTATOV Kol AveSAPTNTOV YPUPNUAT®V.

layer 1

© g Ox‘o

layer 3 layer 4

(4 3'0

Po

-
()
()

14



‘Eva mapadetypo evog 1£10100 TOAVSIAGTOTOL YPAPNHOTOS, HE 4 dlaotacels Bo pmopovoe
vo Ntav to €€Nc: to k@Oe layer amewovilel éva kowvmvikd diktvo (my. Facebook, Tweeter,
Instagram, LinkedIn), n ka0e kopvon (1, 2, 3, 4, 5) aneucoviletl Evav ypiotn Kot 1 KGO akun

anekovilel v eAia petald TV 4pMnoTOV.

Kowémra oe éva ypaonuo opiletar agnpnuéva g €vo GHVOAO KOPLOAOV oL &ival mo
TUKVOL GUVOESEUEVEG LETAED TOVG GE OXEOMN LE TIG VITOAOITES KOPLOES TOV Ypapnuatog. Ot
KOWwOTNTeS &ivar opddeg kopuedv mov eivalr mbavd va €govv opowdTNTEG 1N KOwd
yopokmnpotikd. H gdpeon kowomntov cov oadkocion £xel GKOTO TOV OLUOPAGUO TOV

YPUPNLLATOG GE TETOLES OUAOES.

Ewkova 23 - I'papnua ywpiouévo 6& KowvoTntes

S\Orgy/ Iy "
’0‘: /4?////”//A\

9 g S

/)

VAN
RN

A

ITyys: http://lwww.nature.com/
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3. AvaoKonnon

3.1 Eion ALhyopiOnmv

H evpeon kowotntov éxel pekembei ektevag ot Pipioypapio. ‘Exovv mpotabel moArég

SIPOPETIKES TTPOGEYYIGELS Y10l TV EVPEGT] KOWOTHTOV G€ povodtdotata ypagnporol?l,

® A)yopiBuot faciopévol oto modularity:
To modularity opiletar ®g t0 KAAoHA TOV OKUOV TOL VEAPYOVY GTNV KEOE opdda
AQUPOVTOS TO KAAGUO TV TPOGOOKMUEVAOV OKUOV OV TO Ypdonua nTav tuyaio. O otdyog

gtvar va yivel o dtoympilopog étot wote To modularity va ivat to péyioro.

® docpatikoi arlyopBuot:
Ot ovykekppuévor  alyopipor Kavovv TOV  SOY®PIGUO  YPNCLUOTOIOVIONS  TO
1010010VOGHOTO TOV VKoV Tov  ypapnuatog. ‘Evag Laplacian wivakag ypagnuotog

YPNOOTOIEITOL TUTTIKA Y10 TOV VKO, TOV YPOLPT|LLOTOG.

® AlyopiBuot optopod doung:
H avaxdioyn kowottov yivetol €101 OCTE Vo IKOVOTOLEITAL KATOW0 TOAD QoTNPN
Mo Tov aeopd v ooun. Me dAAha Adywn Ppickovv KOWOTNTEG TOL 1KOVOTOLOVV

BewpnTikovg opiopode pag kowvotntac, dnwg K-clique, r-quasi-clique, s-plex.

2TIC GUYYPOVES EPAPLOYES, MO OVIOTNTO EIVOL GULGYETIGUEVN UE TOAAOTAEG TTLYES
oyxéoemv. AVTEC ol TTuyéG oxéoewv Umopovv va povteromomBovv ocav évo multi-layer
YPAeNUa, 7oL omoteAeital amd moAAAmAL aveEdptnro ypagnuota, Omov 10 kdbe Eva
avoamaplotd pia poévo mroyn. Ipoympodvtag amd to 1-layer ypapiuoata ota molvdidotata,
TPOKVTTOVY OPKETEC TPOKANGCELS Kol dvokoriec. H xkdbe Oidotaon mepiéyel onuavtikég
TAnpoopieg amd v OKid g peptd. Emopévmg, etvon amapaitnto va Bpebel o tpdmOg doTE
va givoar dvvat) 1 a&lomoinom Kot 1 OTOTEAECUOTIKY] CLYYDVELCT] TMV TANPOPOPIDV.
EmumAéov, n emidoon mailetr évav moAd onpavtikd mapdyovta, S10TL 0 dYKog TV dEdOUEVOV
avéaveton o€ peydio PBaduo. Tto 1-layer peietaue éva dikrtvo, evd oe multi-layer peletdpe

£va dlktvo amd dlKTLa.

16



3.2 IIpoyevésTepor AhyoprOpol

210 TUUO TOV OAYOpOUmV 0piopol doung éxovv vAomombel ko mpotabel moAloi
alyopifpot yio Ty avaltnon Kol €DPECT GTEVA GLVIEdEUEVOV VIToYpapnuatwy. [Tapoakdtm
OVOADOVTOL GUVOTTIKG UEPIKOL Omd TOVG oNUAVTIKOTEPOVS aAyopiBuove, ot omoiot eivan

TpoyevESTEPOL TOV aAyopifuov MIMAG.

Crochet (2005):

O aiyopBpog Crochet mpotébnke and tovg Pei et al. [16] kot ypnoponotel tov opiopud towv
quasi-cliques ywa vo Bpet o o otevd vroypoaenuata. Xpnotonolel ovalntnon depth-first
v v €€epedivnon Tov xdpov avalnmong. ‘Exovv viomombei kdmoteg teyvikég kKAOOENATOG

Kot 0 aAyop1Opog £xet vAomomOet Yo TNV €£0PVEN KOWOTHTOV GE LOVOIIAGTATO VPP LLOTOL.

Cocain (2006):

O aiyopiBuog Cocain and tovg Zeng et al. [17] ypnowonoiei Tov optoud twv quasi-cliques
Yol TNV AVOKAALYT KOWVOTHT®V 6TO 01KTLO oL €€eTdlel. XpNOUYOTOIdVTaG KATOES amd TIg
1010t TEG TV quasi-cliques kKhadevel KopuEEG Kot aKIES Y10, VO LIKPOVEL 0 Y DPOG avalnTnong

Ko va emttayvviet ) dadikacio avaltnonc. ‘Exet viomrombei yio ypoaenuata pe éva. layer.

Quick (2008):

Ou Liu et al. [11] otov aiyopiOuo Quick ypnowomolobv tig quasi-cliques xar v
avoamapdotacn pe T popen dévipov. Kaver yprion tov depth-first yia v eEepedvnon otov
xopo ovalnmong. ‘Exovv epappootel moAAEC TexViKEG KAMOEHOTOS OE  OYéom e
TPOYEVEGTEPOVG TOL OAYOpiBHOVG Y TV Helwon Tov YDPov ovalnTnong, EMOIOKOVIOG

KOADTEPOLE YPpOVoLg emidoonc. 'Exet viomomOei yio tnv avalnmon kowotntov og éva layer.

CoPaM (2009):

O aiyopBpog CoPaM and tovg Moser et al. [18] ypnoonolel kot avTdg T0 HOVTEAD TV
quasi-cliques. Eexwvdel pe pia mpo eneepyacio Tov dedoUEVOV OOV QQOIPEL TIC OKUEG KO
TIC KOPLPEG OV OV Ba umopécovy moTé Vo GLUTEPIANPOOVV GTO amOTEAEGHO. XPNOIUOTOLET
éva pLovtého mAeovalovcag oxEomng Yo Vo OmOQEVYEL Vo ONUIOVPYEL OO0 VTTOYPOLPTLLOTOL

Katd ™ ddpketa g ektéreong Tov. O adydpBpog CoPaM éyxet viomomBetl yio molvenineda

YpaprpoTa.
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GAMer (2010):
O aiyopBpog GAMer and tovg S. Giinnemann et al. [18] ypnowonolel kot awtdg tov

oplopd twv quasi-cliques yio va Bpel opotoyeveis opddeg KOPLEMOV GE YPAPHLOTA SIKTOMV.
A&onotel kat divel Epeoon oty TKvOTNTO, To PEYEBOG Ko Tov aplBud tmv evepyov layer
tov kaBe cluster yo vo cvAréEet ta o evdapépovta. Emiong, ypnowyonotel évo povtéAo
TAEOVAGOD Yo Vo amoppintel to. TAeovalovta 1 dumddtuna cluster. ‘Etot, 1o amotélecua
TEPLEYEL TA TLO EVOLOQEPOVTO Kol pun TAgovalovta cluster. Xpnouonolel teyvikéc kKAadEHoTog

v TNV PeAtioon g anddoong kat £ival VAOTOMUEVOS Y10l TOAD-ETITES QL YPOLPTLLOLTAL.
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4. Movtelomoinon

4.1 Xvupoira mov Oa ypnoomonBovv

G Ipaonpa

V: 2HVOA0 KOPLP®DV TOV YPAPTLATOG

E 2HVOLO OKUADV TOV YPOPNLOTOG

O Y0ovolo kopve®v og éva cluster

vGi(O) : IMukvotnta tov O oo layer i

S: To cdvoro Twv layer 6mov to O ivan y-quasi-clique

vs(O) : O péoog 6pog g mukvotntag tov O

cando : To cVUVOLo TV VTOYNPLBV KOPLPOV TPOG EMEKTACT] TOV GLVOALOL KOPLE®OY O
So: Ta gvepyd emineda evog kopPov O
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4.2 Movtého MLCS

To povtého MLCSP! (Multi-Layer Coherent Subgraph) avaxaldmtet opddec kopfov mov
€IVOIL TUKVA GVVOESEUEVES IE OKUES, G€ Eva LTTOoVVOLO TV layers. Avtég ot opddec KOUPwV
ovopalovton (multi-layer) cvvdedepéva vroypapiuata. Ilpéner va emonuavlei otL T0
vIoypagHuata dev givar amapoitnto vo gueoviCovior oe Olo to layer, aAld oe éva
vroovvoro tov layer. Emouévac, yio kdbe ocuvdedepévo vroypdonua Ppickovpe Kol Eva
ave&aptTo 6GOVOAO amd GyeTKa layer.

Emumiéov, ot kéuPor pmopodv vo avikovv o€ TEPLGGOTEPO Oamd £va. ouvoedepuéva
vroypapnuata. Opwmg, emtpémovtog TNV emMKAALYT, Umopel v eUEOVIOTEL €vag TOAD
HEYOAOS aplBUOC amd £YKupo LTOYPAPNUATO TO OmOoio avamoploTtoVv TAEoVALoVGES
minpoeopiec. [a va Avbel avtd to TpOPANpa, emrpénetal n emkdAoyn og éva onueio. To
TEMKO OMOTEAEGUO TEPLEXEL TO. TIO EVOLAPEPOVTO VTOYPAPNUOATO, CE OYECT HE U0
oLVAPTNOT TOLOTNTAG.

Xpnopomoteitan best-first avalnmon yia va Bpebdei po mpoceyyiotikn Avon. O akydpiOupog
avolnong best-first eivar por edparmpévn apyn ovalitmong yw v e€gpedvnon
ypapnuatov. Edd, n avalitnon exwva amd évav apyikd koupo (root node) kot emexteivetan
EMOVOANTITIKA ©OC TPOG TOV MO “DooyOuevo” kopPo. Ta mo VTOGYOUEVE LTOYPAPNLLATO

enekteivovtal dote va Ppebovv TpdTa to o evolopépovta cluster.

Opioudc 1 (Multi-layer ypdonua):

Eva molverinedo ypagnua G yia éva obvoro emnédwv Dim = {1, ..., d} eivou éva obvolo
G ={Gi | i € Dim} and ypagpnuazo.

Gi=(V,E),EE€VxV:Ei—R
omov kdbe eminedo tov ypapnuozos Gi, i € Dim eivar éva un koteoGovouevo ypapnua ywpic

self-loops .

Xmv mepintmon mov £YOVUE OUPOPETIKA GUVOAN KOPLOAOV OVAUESH GE OLPOPETIKA
enimeda Vi pmopovpe va Bempnoovpe g GHvoro Kopueav v évoon V = U V.
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4.3 Movtéro Tov cluster

Apykd, Bewpodue mwg Exovpe £va povadiko eninedo Gi. ['a v mokvoTnTa TG GLOTASOC
ypnowonowovue 1o povtéro quasi-clique. To quasi-clique poviého opiler mokva

dtaovVOEdEPEVA VTTOYPAPN AT PACIOUEVO OTIG SLOCVLVOEGELS EVTOG TNG GVOTASNC.

Opiouoc 2 (y— QUASI — CLIQUE):

Eva abvoio kopoparv O SV oe éva ypagnuo G = (V, E) arotelel wo. y-quasi-clique yia éva
y € [0, 1] av:

Vv€EO:deglm)>[y - (|0] — 1)]

omov degc®(v) = {u € O | (u, v) EE}| . H mokvétyra wac y-quasi-clique O oe éva eminedo

ypagpnuarog Gi opiletor wg:

. d 0.
YGi(O) = miny e T)O{l _elgGl (U)}

Mua quasi-clique givat éva, vVToypAaEN . TO 0010 TKOVOTOLEL £VaL OPIGUEVO OO TOV YPNOTH
Kato Oplo Papovg kopvens. e to poviédo tov cluster mov Oo ypnolpomocGoLLE,
Bewpodpe Eva 6GVVOLO KOpuO®V MG TuKvo av givan 0,5-quasi-clique, dniadn av n TokvoTnTO
¢ quasi-clique eivar tovAdyiotov 0,5. Avto e&aocpariler 01t T0 vroypaenua Oa eivor
GLVOEDEUEVO GTO YPAPTLLQL.

Ewxova 24 - Ilapadeippua vwoypopipotos

IInyn: Idia emeéepyocio
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vy = 0,5 ko yia 5 kopvéc (|0 = 5):

deg(v) = ceil(y - (|O] - 1)) = deg(v) = ceil( 0,5 (5-1)) = deg(v) = 2

OV ONUOIVEL TOS 1 KAOE KOPLEN TPETEL VO GLVOEETOL LE TOVAYIGTOV OVO KOPLPEG.
H oAdg, npénet yai(O) = 0,5

[Mapdderypa:

["a to apiotepd vIOYPAPN QL

. Y d Oi
v6i(0) = =< fo{l_elgc =205

Eivou y-quasi-clique ywoti deg(v) = 2, yua kabs v € V

IMa to 0e&i voypaenua:

. 0
(0) = minuco s ) 1 _ g 5

YGi 10]-1

Aev givan y-quasi-clique ywoti deg(l) < 2
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Opioudc 3 (Méyiorn y-quasi-cligue):

Aedouévov evog ypapnuotoc G = (V, E) kot éva abvolo kopvpav X, émov X € Vo G(X) eivou
o uéyioty y-quasi-clique av dev vrdpyer alro avvolo kopvpwv Y omov Y 2 X kor G(Y) eivou

quasi-clique.

Yvveyilovtag, avalntovue cluster ota Swdpopo layer evog multi-layer ypagnuatoc.
Emopévac, n cuetdda mpénet vo IKavomolel Ty povodidototn Wiotnta yio y-quasi-clique oe
KaOe éva amd to vrosvvoro Twv layer tov (cuvoiikov) multi-layer ypaeruotog. Av o akun
(u, v) vhpyel o€ éva eminedo, dgv onuaivel 6Tt o VGpPyEL Ko og kamolo dAro. E&gtdlovpe,
dAadn, o 810 cHVOAD KOPLE®V Gg dlaopetikd layer 6mov ot akuég Ko 1 popeoroyia
umopel vo unv gtvor 1 1810 Zuvendc, 6to HoVTELD HaG TPETEL Vo, EEETAGOVIE TNV TUKVOTNTO

TOL GLVOESEUEVOL VTTOYPOPNLaTOC ToV eEetdlovue Egxymplotd o kabe layer.

Opiouoc 4 (MLCS cluster):
Eva MLCS cluster C = (O, S) ge éva. multi-layer ypapnua G = {Gi | i € Dim} arwotreleiton ond

éva. obvolo kopvpwv O C Vikar éva Oy kevo abdvolo amd cyetika layer S € Dim étor @ote
Vi € Dim: i € S & 10 O ¢ivar éva, MLCS cluster oo ypdenua tov layer Gi .

H morvotnra evog cluster C = (O, S) opiletar wg

v5(0) = 5 Zies¥Gi(0)

A@ob o1 akpéES Slopépovy amd To €va. layer oto GAAo. Sla@épEL Kot 1) TUKVOTNTO, €VOG
cluster avaueca oto layer. ‘Etot, opiCovue v mokvomrta evog cluster og to péso 6po g
TUKVOTNTOG TOL VITOcVVOLoL Tmv layer oto omoia dnuovpyeiton y-quasi-clique, dniaon

YGi = 0,5.
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[Mapdaderypa:

deg:4

0={1,2,3,4,5}
ve1=0,5, ye2 = 0,25, ya3 = 0,25, yc4 = 0,5
ZOUQOVOL LE TO TOPAUTAVE®, TO GVVOLO Kopve®v O givon y-quasi-clique ota layers: {1, 4}

Ko Gpa. to cluster éxer S = {1, 4} ko ys(0) =% .
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4.4 TlowotyTo. £vog cluster

To 1660 evélapépov gival kdmoto cluster mpoodiopiletor and pia GuVApPTHON TOLOTNTAS TOV
umopel vo. oplotel amd tov ypnot. Xvvnbwg, éva cluster 6co mepiocdTEpOLE KOWPOVG
neplEyel 1060 Mo evolapépov givat. T avtd Tov AdY0, 01 TEPIGGOTEPES TPOGEYYIGELS GTNV
e€opuén tov quasi-cliques amd éva ypaenuo, otoyxebdovy 6To Vo Ppovv T uéyloteg quasi-
cliques 6cov a@opd TIg KOPLPEC OV TTEPLEYOVY. QOTOGO, AV OMAQ UEYICTOTO|GOVUE TOV
aplud TV KopuvedV Tov TEPLEXEL éva. cluster, pmopei va odnynbodue omv avakdivym
tétolwv cluster mov va avikovv o€ Alyo layer fj mov va unv £xovv v omodeKT TLKVOTITA.
‘Etot dowdv, n cuvaptnon nototntog Kabiotatar ovaykaio kot givon éva trade-off avdapeoa
oto puéyebog evog cluster, otov apbpod tov layer oto omoio aviKeL Kot GTHY TUKVOTITO TOV.

Agv evdlopepopacte yio. cluster ta omoio eival ToAD pikpd (mov mepiéyovv Aydtepeg amd 8

KOPLQEG) N Y10 0LTA TOL avijKoVY 6€ Arydtepa amd dvo layer.

OpiCovue v modmta evog cluster C = (O, S) wc:

|O] - IS y5(0) O] =8AS| =2
-1 else

QO ={

>ta cluster ta omoia dgv Bewpovvion evolapépovta avabitete 1 tiun -1 kot dev Oa avikovy
noté og éva. MLCS cluster apob Oa peidvovy v cuvoiikn mowdtnta tov cluster. MoiovoTtt
OTO TEWPAUATIKO KOUUATL XPNOUOTOMONKE 1 TOPATAV® GLVAPTNGY| TOOTNTAS, GE OAAES
epapuoyés Bo umopovoe vo alhaytel, dote vo avalnmBovv kot va  avakaAivedodv

drapopetikov eidovg cluster pe daupopetikd uéyebog, mukvotntog i layer oto omoio aviket.
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4.5 Movtého opadomoine1s KoOPueMy

2100 TPONYOOUEVO KEQPAANLO, EEETAGTNKAY TO, YOPOKTINPIOTIKA TOV TPEMEL Vo TANPOL Eva
cluster. Ta cluster givar dvvatd va emkaAdaTovtol og kdmolo onueio avapeta&d tovg. Me 10
va GLAAEYOLLE, Oumc, OAa ta €ykvpo. cluster mov avakeAvTTovTal 00N YoVUACTE GE EVOV
peydao oplud amoteAecpdtov to omoio givol oe onuoavtikd PBabud Opote Kot GUVETMG
avoamaplotovv mAeovalovoa mAnpogopia. To teAkd amotédecpo mpénel va mepiéyetl cluster

T0 omoia v To o “evolapépovta’’ Ko va punv etvor mAeovalovra.

Eiwxova 27 - Yroypdonua mopadsiyuatos

ITInyn: Idia emeéepyacia

"Eva mopaderypo omod cluster mov emcoaddmtovron givat:
Cl=(0={1,2,3,4,5},S={1})ue Q=0,66
C2=(0={2,3,4,5},S={1})ue Q=05
Ta cluster C1 kot C2 emkodvmtovial. Me v tpodmoeon ot avalntovue ta cluster pe myv
KOADTEPN TOWOTNTA, YOPIG Vo HOG evOlpEpel 0 opliUdg TOV KOPLO®V UTOPOLUE VO
ovumepavovpe nwg to cluster C2 givar mieovalov 610t TEPEyel TANPoPopia Tov PpiokeTon

oto C1 ko éyet pkpodtepn mototnto. and to cluster C1.
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4.6 Iieovalovoa oyéon avaueoa og cluster

o vo anoedyovpe to. mAeovalovta cluster eivon emtaxtikd va vmhpyelr pio oyxéon
mieovacpot. Opilovpe éva cluster C 6t givan mheovalov oyetikd pe éva aAlo cluster C’
otav éva onuavtikd pépog amd tic axpés Tov C avhkel kot oto C’ (omdte Kot avamaploTovy

HePIK®G 1010 TANpopopia) Kot 1 tordtnto Tov C’ elvan peyardtepn amd tov C.

Opiouoc 5 (Illcovalovoo oyéon):

Eva cluster C = (O, S) eivou mleovalov oe oyéon ue éva éllo cluster C' = (O’, S’) (o¢

ovvropoypopia: C <red C’) edv:

’ NoA Ly |Ei(0) N E;(0N)]

yo mopduetpo wisovaouov r € (0, 1].

H mpoxabopiopévn (default) twun g mapapétpov mieovalovoog mAnpogopiog eivol
r=0.25.

[Mapdderypo:

Ewxova 28 - Cluster mapadeiyparog

0 | o | oo
o "‘o SN | oS
O (4 (4)

ITInyn: Idia emeéepyacia

Xy moapambveo ewkova  Exoope 3 cluster (Cl, C2, C3) pe idiec motdtnreg
Q1=Q2=Q3=1/2.
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XPpNGULOTOUDVTAG TOV TUTTO

ER |E;(0) n Ey(0")]
Is| SLESNST (0]

v, va Bpovpe to cluster C2 kou C3 givar mheovalov o€ oyéon pe to C1.
‘Exovpue yio to C2: 3/8 = 0,375 > r = 0.25 = 10 C2 givonr mheovalov og mpog to C1
‘Exovpue yio o C3: 2/9 = 0,22 <r =0.25 = 10 C3 dev givar mheovalov g mpog to Cl

Bprkape dniadn, nog to cluster C2 mepiéyel mapdpola minpogopio pe to cluster Cl1 ce
161010 Pabud mote va 10 Bewprioovue mAeovdlov kol va o amoppiyovpe. Avtifeta, to
cluster C3 mov &ivat 6g éva Koppdtt tov aAnienikaivrtopevo pe to cluster Cl, mpokimret

TG OeV EMKAADTTETOL G€ PeYOAO Babpd Kot umopet vo yivel amodekTo.

Me Vv napamdveo oyéon mAeovoouod uropovpe va emthéEovpe povo ta cluster mov €yovv

YPNOUUN TANPOPOPIa KOt TOVTOYPOVE QVTH TTOL £XOVV TNV UEYIGTY TOLOTNTA.

Opioudc (MLCS clustering):

Aoouévov evog multi-layer ypagruotoc G kot tov ovvotov A 6lwv twv éyxvpwv MLCS
cluster, n uéyiotng moiétnrag ouadomoinon Result c A ikavoroiei:
® My nheovaous: ~3C,C € Result: C <red C
® Méyioro abpoioua morotnrag: ~FResult € A: Result’ dev éyer mleovalovra otoryeia
Ko 2c €Result’ Q(C) > Zc € resuit Q(C).
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5. MIMAG

5.1 O aiyoprOpog MIMAG

O oAyopBpoc MiMAGE! (Mining Multi-layered Attributed Graphs) npocmadei vo. Ppet o

TPOGEYYIOTIKY ADoT. TKOTOG givar, Tdvovtag oto TELog vo Exovue opadonooet ta. cluster

1e této1o Tpdmo, MoTE Vo eivar advvato vo tpootedei kdmoto cluster oto telkd amotélecpio

ue Q > 0 yopic va mapafralet Tovg Kavoviopovg tepi TAeovalovtav cluster.

O MIMAG eivon pepikdg Basiopévoc otov Quick Algorithmt yia tv edpeon tov quasi-

cliques. Xtov Quick Algorithm ta cvvola twv kOpPov O C V amopiBuodvior amnd o

avalnton katd Babog, oto dévrpo amapibunong tov cuvorov Tev kKOpPwV (Set enumeration

tree) yia kaOe layer i.

Ewéva 29 - Set enumeration tree

O={}
cgndo ={V1,V2,V3}

O={V1} O={V3}
candD {VE VV \\ candD:{}

{V1} {v2} {V3}
O={V1 V2) 0={V1,V3}
candDZ{VE} =
candD {1 Eanégiﬁs}
{w'vz} (V1,V3) (v, va}
0={V1,V2,V3)
cande.{}
(V1.V2,V3}

IIyyn: Idia exeéepyacia
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Na yiver 1 dtevkpivnon ntog otav Aéue kouPog, avapepopocte otovg KOpPovg tov Set
enumeration tree wg cvvoro kopve®v. Kabe képupog mov avakaAidntetar eEgtdleton edv eivor
quasi-clique. Ezmiong, xd0e kopPog eivar cuoyeticpévog e Eva ohvoro vroyneiov cando to
omoio mePIEYEL OAES TIC KOPLPEG TTOV lvar TASIVOUNUEVEG THG® Ao TG KOopueés Tov O o€ pia
ovykekpiévn oepd < . ‘Eva moudi koppog O’ emexteivel tov yovio kopupo O mpochétovtog
wo Kopuen omd to cvvoro cando . To set enumeration tree mepiéyet O o to mBové cuvola
Kopveov O €V .

Mo anhoikn mpocéyyion yia vo Bpovue ta cluster mov pag evdiapépovy Oa tav pe pa
oLYYPOVIGUEVT] dldoylon TV OEvipov. BOa mpémel va epapuootel o alydpiBuoc Quick oe
Ka0e éva and ta enimeda Tov Ypaenpnatog Eexmplotd ®ote va Bpebodv dAa ta povodidoTata
cluster. 'Emetto, npénet va evobodv ta emUEPOVG AMOTEAECUATA Y10 VO, AVOKOAVEOOHV Ta
cluster mov avfikovv o€ Tapandve and Eva layer. Télog, apaipovvrar ta mheovalovto cluster
Ko Egovpe oav omotédeopa to Eykvpa, multi-layer, un mheovalovra cluster.

H napandve npocéyyion umopet va Bertimbel pe o cvyypoviopévn o1doyion OAwv twv
set enumeration trees tovtdypova, Snradn Oha Ta oTrypdTLTTA TOV dEVTpV (OAmV TV layer)
va daoyilovton v 1d1a otryun. Avtd umopel vo emtevyfel ypnoonowdvtag Eva extended
set enumeration tree. Kafe koppoc O éxel éva ovvoro evepymv layer So (ta evepyd layer
avoToploTovy T0 GUVOAO TV layer ota omoia évag kouPfog O dev €xel Khadevtel and to set
enumeration tree) kai évo GOVOLO amd VIOYNPLEC KOPLYEC G PO emékTaon cando,i , Yo
I € So. Katd ) d1doyion, yia kabe kOppo O mov emMoKENTONNOTE, EAEYYOVUE OV oynuatilel
éva. MLCS cluster og éva vmoohvolo Twv gvepydv layer.

[Ipéner va emonuavOel 6tL To cOVOAO TV evepydV emméd®V So €vog KopPov O kot to
vrocvvoro S evog mbavov cluster C = (O, S) givar dapopetikd ovvora. Ioyvel 6T1 S SSo
aAAG aVTd To. 000 chVOAN deV gival amapaitnta ico. Akdpo Kot av ivar evepyd kamowo layer,
dev onpaivel omopaitnto Tog oynpotileton cluster oto cvykekpuévo layer (umopei my. va

LNV EKTANPAOVEL TNV OTOPOITNTH TUKVOTITA 68 aVTO TO layer).
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Eixéva 30 — Extended set enumeration tree ue 3 kopvpés ko 2 layer

O={}
candO,1={V1,V3}
-~ cand0,2 ={V1,V2,V3}
0={V1}
candO,1={V3}
cand0,2 ={V2,V3}
So ={1,2}
{v1)
o= T 0={V1,V3}
do2={V3 ={V1,
gaon={2} { ’ candO,1 ={} 0={V2,V3}
candO,2 ={} candO,2 ={}
So ={1,2} So={2}
{V1,v2} {v1,"\f3 }
{v2,v3}
0={V1,V2,V3}
candO,2 ={}
So={2}
{\./"1',v2, V3}

IIyyn: Idia sxeéepyacia

o v evnuepopévn (Informed) best-first didoyion mpénet avti va dnpovpyncove TpdTo
Oha to cluster, vo apnoovpe ta tehMkd kot Oyt mieovalovta cluster va mpootifevtar oto
amotédecpio, dtadoykd. Epdocov Bélovpe vo peyiotonotcovpe v moldtnto tov cluster tov
AMOTEAEGLOTOG, OTOXEVOVUE 6TV dnuovpyia. Twv cluster oe @Bivovca cepd pe Paon v
TO10TNTO, TOVG Kot TPOSHETOVHE GTO GUVOLO TOL amoTEAEGHATOG T U TAeovalovta cluster
ue v peyoddvtepn motdtro. ‘Etotr, pe informed best-first didoyion vroloyiCovpe o
extipnomn g motdtrag Tov Kébe KOpPov pe cuvoro kopveadv O, 1 omoia Log TPOSPEPEL EVal
v 6pto yuo v modtnTo kéOe cluster mov pmopel va Ppebdei oe Eva vITOdEVTPO TOL KOUPOL
pe ovvoro kopveav O. Eekvavtag tn dwdoyon and tov koppo g pilag (root), oe kdbe
Prpo emexteivovpe tov KOUPo pe chvoro kopvedv O e T PEYOADTEPNS TOLOTNTOS KOPLOT|
mov €xetl extiun el (dnAadn katePaivel kKatd Eva P 6To VITOIEVTPO TOL TPOEPYETUL OO TO
O pe v peyaAvTepn mToloTNTa).

‘Eva onuovtikd mpdypa mov mpénet va Anedel vmwoym eivar 61t axopa kot ov Eva cluster C
Bpebel oe évav kopPo mov polg €xer emektabel dev pmopel Vo UMEL GTO OMOTEAEGLO
anevBeioc. Emeon n extipnon g mowdtnrog 0éter éva dvo Oplo g modTNTOS TOL
Vodévipov, 10 C umopet va €xetl pukpdtepn modtnra. Mmopel, dnAadr, va vrapyovy GAlo

vrodévtpa (ko mlava cluster) pe peyolvtepeg (extipodpeveg) mowdtres. ‘Etol Aowmdv, o

31



MIMAG dwonpel pioe ovpd TPOTEPUOTNTAG 1 Omoiol TEPEXEL OAN TO VTOOEVIPAL TOL
nepluévouy va enelepyactoiy kKabmg kot OAa ta cluster mov égovv avakaAvedei, To omoia
dev umopovcav va mpoctedovv 610 cUVOAO Tov amoteAécpatos. H ovpd avt) ta&vopeiton
®C TPOG TNV (EKTIUMUEVT) TOOTNTA TV VTOSEVTPOV Kat TV cluster. Av 1o npdto croygio
g ovpdg eivan €va cluster, tote umopodue pe PePotdTNTo. Vo GLUTEPAVOVLUE TG OEV
vapyovv kaAdtepa cluster. Xe avtiv v mepintwon, eAéyyovue edv to cluster eivan
mAeovalov Kat av dev gival, LITOPOVLLE VO TO TPOCHECOVE GTO OMOTEAEGLO.

Ye o ovpd, éva  vmodévipo  (ST)  avoamapictator  omd ol wAEGSQ
ST = (O, So, {cando,i | i € So}) 6oV 10 O £ivar TO GLVOLO TOV KOPLYDV GTOV APYIKO KOUBO
TOL VIOJEVTPOV, TO So givarl To chvoro TV evepydv layer yio To O ko To cando,i givat to
oOVOAO T®V vIoyneiov o¢ Tpog enéktacn. H motdtta evoc vmodévipov Qest(ST) dnimvet

éva Gvm 0p1o ylo. Ty mototnto. TV cluster og avtd to VIodEVTPO.

Eiwxova 31 - A2yépiBuoc MIMAG

Algorithm 1 MiMAG: Best-first search for MLCS clusters
Require: ML-Graph G = {G; | i € Dim} with G; = (V, E;, 1;)
Ensure: Redundancy-free, maximal clustering Resulf
1: Result :=10
2: queue := {(P, Dim, {candy ; =V | i € Dim}) }
3: while gqueue # 0 do
Obj := queue.pop()
if Obj is cluster C = (0, ) then
if =3¢ € Result : O <ppq ' then Result.add{C)
else b Obj is ST = (O, 8o, {cando ; | i € So})
neighbors :=J,cg_{vE€cando, | Ix€0 : (x,v)EE}
u = MgmvEnmghbm's{Zg £854 d‘ﬁggi (v)}
10: EXPAND(O, 1, Sg, {candq 4 | i € Sa})
11: return Result
12: procedure ExPAND(O, u, So, {candn; |1 € S0})
13: [ S— _Gu{u} S0, ={i€ 80| u € candp ;}
14: for all i € Sy___, do candg___, ; := candg ;  {u}
15: Prune Sgo and eandg___, i (Vi€ Sp,

16:  SThest = (Onests So,..,, fcando,__, 4 |"1,"e':|'59m,}j
1?: lf Qgsn{ﬂn gn:f.:I E ﬂ th'E-'If'.I qﬂﬁuﬂ.ms&l‘t{STngzL:I

18: for all i € Sp do candp ; := candgp ;Y {u}

19: Frune S5 and candg ; (Vi € Sg)

20 STremain = (O, S0, {cando; | i € So})

s e A

21; lf f:_-,'gg[,': IE?HH.!I‘]:I :b ﬂ then q‘ltﬂ‘u& ms&l‘tl:ST; E?ﬂﬂ.!ﬂ:l
22: if 3 cluster C = (Onext, S), ST Sp,___, then
23 if ~3C" € Result : C ~peq O then gueue.insert(C)

ITyyi: Boden et al (2012)
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5.2 Extéheon Tov adyoptOpov MIMAG

Aocpévov evog multi-layer ypagpnuatoc G, 0 MIMAG vroloyilel éva amotélecpa pe ™
Bértiot opadomoinon ywpig mheovalovta cluster. Apywd, to obvoro Result eivar adeto
(oepd 1) ko yepilet Stadoyikd katd v ektédeon. Otav apyilel n ektédleon 1 ovpd mePEEL
éva. otoryeio, 10 omoio avomopiotd Tov apyikd kouPo (pila - root) tov extended set
enumeration tree (cepd 2). Oco M ovpd mepiEyel otoryeio, OVTO pE TNV HEYAADTEPN
(exTiudpevn) ToldTNTO, apopeitan amd TV ovpd. Av 10 avTikeipevo avtod givar cluster tote
dev umopet va Ppebel kamowo pe KaAdTEPN TOLOTNTA, AP0 TO TPOGHETOVE GTO GUVOAO TOV
Result, vrd v mpodmodeon Oti dev eivon mheovalov oe oyéon pe kdmoto GAlo cluster wov
avikel oto obvoro Tov Result (cepd 6). Av 1o oviikeipevo givar vrodévipo, TOTE
EMEKTEIVOVLE TO AVTITPOCHOTEVTIKO TOL GUVOAO KOpue®dv O katd pio yertovikny kopven U,
OV TEPLEYETAL GTO GVUVOAO VLIOYNQI®V KOpue®Vv Yo enéktacn cando,i . Xpnouomotodue
o e TO peyoAvTepOo Pabud, yiotl Ba Exel ™ peyoddtepn mbavotTa vo pag odnynoeL og

L0 TUKVA YPOPTLLOLTOL.

Eixova 32 - Zynfjuo enéxtacnys evog koufov

neighbors ={V3, V5, V6 }

Ou{V3} Ou{V5} Ou{V6}
STremain:
u=Vs et Oremain
o Soremain
candOremain,i = candOremain,i-{u}

Ou{V5} Ou{V3} Ou{Vé}

STnext:
Onext
Sonext
candOnext, i = candOremain -{u } + (u | ueneighbors of u)

IIyyn: Idia exeéepyacia
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H enéktaon evoc kouPov O, Eekvaetl 6tav o MIMAG kakei v cvvdptnon EXPAND yia
TO LTOOEVIPO UE GUVOAO Kopup®v O. Xe avtiv v cuvdptnon opyikd kabopilovtor to
oOVoA0 KOPVP®DV Onext, TO GOVOAO TV evepy®dV layer Sonext Kol T0 GOVOAO vIOYNPi®V
candonexti . To Sonext umopei va mepiéyel ta layer i ota omoio | KopvEN TPog eméktacn U
VINPYE 0TO OovTioToryo Candonexti . MOAMG o STnext dnuiovpyndei, TpocbiteTor otnv ovpd
gav N moldTNTOL TOV Ogv givarl apvntikn. To B0 cvpPaivel ko yio to STremain, opmg va
dtevkpviotel Twg vrodoyileTon €K VEOU 1 TOWOTNTA TOV VIOSGEVTPOV, AoV Exel apalpedel M
KOpLe1 U amd to cvvoro TV vroyneiov cando, . Téhog, eAéyxetar av to cluster pe chvoro
Kopuemv Onext givon £ykvpo katl Oyl TAeovalov Kot epOcov eival, 10 mpochHéTovpe emiong

GTNVv ovpd.

34



5.3 IlowtnTo VITOOEVTP OV

[Topaxdatw, Tapovcidlovior To dvm OpLoL Yo TV TOIOTNTA TV VITOOEVIP®V. APYIKE, TPEMEL
VO EKUETOAAEVTOVUE TO YEYOVOG MG KATO0, VTOSEVIPO, OEV TEPLEYOLV KOAVEVO EVOLOPEPOV
cluster. Xe avtég TIC TEPUTTOGEIS TO AVD OPLO TNG TOLOTNTOAS VTAOV TOV VITOSEVIPOV TPETEL
va oplotel g -1, €161 ®oTE vo unv Tpootefovv otV oVpda.

H =mpot mepintmon edpeone vmodévipov mov Ogv mepléyovv  evdtagépov  cluster
ypnoonolel to evepya layer mov €yovv amopeivel 6to ouvoro Kopvedv O. Av dev Exovv
amopeivet evepyad layer pmopodpe pe Pefardtnto va coumepdvovpe Tmg dev yivetot va Ppedel
Kanowo £ykvpo cluster oe kdmolo vrodévipo pe pila to O.

mv degvtepn mepintowon Oo  yPNOWOTOMGOVUE TO HOVIEAO TAEOVOCHOD Yo Vo
Kkobopicovpe to Opro. Av O6ha to cluster C mov vrapyovv oe éva vmodévipo ST (Yo
nopaderypa C = (X, Sx) ue Sx €So O € X € O v Ui € so cando,i ) eivor mheovalovta o€
oyéon ue kamoto N kamota cluster C’ € Result tote to vwodévipo dev pmopel vo Tpootedel
otnv ovpa, yati ogv Oa TepEyel kavéva evolopépov cluster. I'o avtd Tov AdY0, 0O KL OV
N mowotta Tov ST elvan Betikn, pmopodue va ekTuncovpe v modtnrta tov g -1. T'a va
e éyEovpe av éva ST eivar mheovalov (dniadn mepiéyet povo mieovalovra cluster) mpémet vo
eréyCoope TIc 1010tTEG TOov Opwopov 4. H mpo widtmra C # C° ko n dedtepn
Q(C) < Q(C’) exmAnpmdveton Yo kabe mOavd C. Mdvo 1 tpitn W1OTTA, Y10 TNV ETKAAVYY

|E:C0) n Ey(0")]

>
mool 27

. , , 1
TOV AKUOV, TPETEL VO EAEYYOel (@ Yiesyns

"Etot Aowmdv, kabopilovpe éva katdtepo Opto OUlmin yio Tnv emkdAvyn akpuodv (Yo A0 to

mBava cluster C) wote:

|E; () n Ey(0")]
|E; (X))

1
OUlmin < 15x] Yiesynss

‘Enetta, €dv OUlmin = 1 0étovpe to Qest(ST) = -1 yati vrdpyetl emkdAvyn o€ éto10 Pabud
®ote va Oempeitar mieovalov. o kabe vrodévipo ST ko yio ke cluster C’ = (0°, S°) €

Result pe S’ 2 So éyovpue:

|Ei(0n0")| +max(z -(I01>+ |0]) - |E;(0n0")| - k, 0}
|E;(0n0")] + k + max(z -(10[2+ |0]) - |E;(0n0")| - k, 0}

OUlmin = min; eso

6mov k = | Ei (O u cando,i) \ Ei ((O u cando,) n O’) |
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XpNoueg 1810TNTEG OTIC GLVOPTNOELS ToLOTNTAG TV Cluster givarl g mTukvoTHTO Kot TNG
nAnowotntog (cardinality). ®étovue Aowtdv, kdmolo Gvew Opto Yo, QVTEC TIC 1O1OTNTEC.
Agdopévov evog vrodévipov ST = {O, So, cando, | i € So}, yw kGbe povodidotato MLCS
cluster X oto layeri € Sope O ¢ X € O u cando;i :

min _degG; .
T B 1} =1y with

o yX)<min{
min_degai = min, ¢ o {deg® Y c“oi(v)}
o [X| <min (|22 + 1, 10 U candoy) =: n"e*

0 doi
o [Ei(X)| < [Ei(O)] + (nI"™* - |O) - max, ¢ cana, {degy; O (v)}

Mmnopodue va ypNGUYLOTOMGOVLE TO TOPATAVE Ve OPloL Y10 VO GUYKEKPLLEVOTOUGOVLE

N GLVAPTNGN TOLOTNTOS TOV VTOOEVTP®VY. H motdtnta evog vodévipov ST €xel dg avm 0plo
Qest(ST) = max e u,..ison{max (") - L=y maxm (y{"**)}

6mov t0 maxx(Yi) vmodnimvel Ty X-00TH, peYaADTEPN T, omd OAa ta {Yi | i € So}.
Emmhéov, av égovpe maxi € so(Ni™) < 8 1 [SO| < 2 10 vrodévipo dev yivetar vo TEPIEXEL

kamnowo cluster pe Otk woldTNTO KO 1 ExTipnon tov Qest(ST) = -1.
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6. Teyvikég KhoOEpnoTOG KoL ferTimong

6.1 Teyvikég KAOOEROTOG

o v Pertioon g amddoons Tov adyopifuov B ypPNOILOTOMGOVUE KATOEG TEYVIKEG
KAadépatog tov extended set enumeration tree. Klodebovtag to, peidvovue 10 £0pOg
avalNTNong ONUOVTIKA, PEATIOVOVTOG TOV XPOVO EVPECTG TOV KOWOTHTOV. ZKOTOC Lag gival
vo agapécovpe omd T Alota vroyneimv cando,i 6ceg Kopveég dev Ba pmopodv va
dNovpyHoovY KAamowo omodektd cluster 1 va oamoppiyovpe vmodévipa to omoio Ogv

TEPEXOLV Kavéva evolopépov cluster, dniadn vo punv ta tpochécovpe oty ovpd.

Mé60odog 1:

H mpdn pnébodog eivar évag amhog EAeyyog av o VITOdEVIPO WG Tpog eméktaot (STnext)
mov dmuovpyeitar, etvor dpoto pe kamowo mov Ppiokeror MO oV ovPA. Xg OVLTAV TNV
TEPIMTOOT, ATOPPITTOVLE TO KALVOUPYLO VITOGEVTPO KoL dEV TO TPochETovpe GtV ovpd, yloti

éva SumAOTLVTO deVv Ba Lo SDOEL KATO0 EMTALOV OMOTEAEGLLAL.

Mé60dog 2:

H de0tepn pébodog aoyoAeitan pe v daypa@n Kopuedv amd T AMote VToyneiov yio
emEKTOOT £VOG VITOdEVTPOL (Cando,i). Edv kdmoto kopuen avrkel oe Myotepa layer amd avtd
nov yperdleTol Yo va. ivol amodektd Eva cluster, tote pmopovdue vo. 0 SloypayovpEe Ue
ac@AOrelo 0o TN Aiota, apod TOTE eV MPOKELTAL VO LG 0dNynoovy o€ Kamotlo cluster to

omoio va £yel moldtnta peyolvtepn amo -1.

Mé0odog 31H;

2e autn ) péBodo Ba avalntinoovpe TIg KOPLEES ot omoieg £xovv Pabud pkpdtepo amod
[y - (min_size — 1)] oe kémowo vmodévipo. To min_size eivor o ehdyiotog aplOpog
KOPLO®V oV omortovpe va mepiéyet €va cluster. O Babudc pmopel va vroloyiotel and to
vroyphenua mov oynuatileton and v Alota kopvemv O kot v Aioto vroyneiov cando,i
(O U cando,i). Av kdmoto kopve1] €xel pkpoTePo Pabud, umopel va apapebei omd v Alota

vroyneimv cando,i 010t Kapd arodektn y-quasi-clique dev pmopei va v Tepiéyet.
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Mé0Bodog 41H;

v pébodo 4, mov eivor kot M teEAevTaic. OV VAOTOMONKE GTO TANIGIOL GLTAG TNG
epyaciag EAEYYOVUE OV GTO GUVOAO KOPLPAOV O VO VTTOSGEVTPOV, TEPIEXETOL KATOL0, KOPLOT
n onoia éxet Padud pikpodtepo omd [y - (min_size — 1)]. Opoing pe mprv, o Paduog umopet
VO VTOAOYIOTEL OO TO VIOYPAENUO oL oynuatifeTor and v AMota Kopvedv O kot v
AMota vroyneimov candoi (O U cando,i). Av vrdpyel AOmov, KAmow KOPpLuen He HKPOTEPO
Babuod, TOte OAOKANPO TO VITOOEVTPO UITopel va KAaOELTEL Yiati TAEOV dev givar £yKvpo. AvTtd

UITOPEL VoL TPoKDYEL KOOMG dlorypapovTol Kopueég and tnv Alota vroyneiov cando,i .

Ot pébodot Khadépatog emavarapfdvovtol Stadoytkd uéypt vo unv umopet va dtoypo@et
Kamotla mepattép® Kopve1. O Adyog mov emavaiapfdavoviot sivar yioti ov dtaypagei kdmolo
Kopuo1, 10TE 0 PaBuog Kdmolag AAANG umopel va aArGEel | pumopel o Kopven TALOV val
Bpicketon o Myotepa layer ot Aiota vroyneiov cando,i and 6ca givarl amapaitnto. Kabog
dwypdpovior Kopueég amd v Alota, VITApyEl TEPITTOON KATO KOPLET TOV OVNKEL GTO
oVuvoAo kopve®Vv O va kataAnéel va £xel PaBud KpOTEPO TOV ATOSEKTOD KOl GUVETADGS, TO

VTOOEVTPO TTPEMEL VO, KAUOEVTEL.

cand0,1:{1,2,3,4}
cand0,2:{2,3,4}
0 cand0,3:{2,3,4}

{2} {3} {41

N

12,3} 12,4} {34}

1,24 1,34} {2,3,4}
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6.2 Teyvikég Pertiomonc

BeAtioon 1:
O aAyopiBuoc Bpioker ta cluster pe avovoo cepd. Ta moapddetypo, Tpodta bo Ppet T0

cluster mov éxer 8 kopveég kar Votepo O emektabel kot Oo Pper to cluster 9 mov £yet
Kopveéc. 'Etol, oy Alota tov amoteréouatog ta pkpotepa. cluster mopoauévouv kot xovv
yiver mieovalovta. Oca cluster vadpyovyv oV Aioto anoTeEAECUATOV ¥PTCILOTOLOVVTOL Y10,
ovykpioelg otav dnpovpyeitan Eva kavovpyto cluster yia va Bpebei av givar mieovalov. H
TOPOLOVY TOVG OTNV AMGTO OMOTEAEGUATOV 00NYel g €va TOAD peydAo aplud cuykpicewy
mov dev ypedletar. To mpoPfAnua Adveton av kabe eopd mov mpocbitovue éva cluster ot
Mota amoteleopdtov, TV adgldcovpe Kot apyicovpe va 1t yepiloope pe to otoyeio
aVAAOYOL UE TNV UEYOADTEPN TOLOTNTO, YPNOWOTOIDVTAS £vav Tpocwmpwvd buffer ko

eAEyyovtog kabe eopd Yo TAEOVOGLOVG.

BeAtioon 2:

Emedn o adyopiBpog e&etdlel Toug yeitoveg KaBe opd yioo TNV em€KTaoT VOGS LTOGEVTPOV,
odnyeiton apketég POpPEG o€ VTOJEVTPA e HEYOAO TANOOG KOpLe®V To omoia Exovv mdpa
TOAD LIKPY) TOKVOTNTO Kot OEV VIdpyEL Kapud mepintmon va Bpedel amodektod cluster o awtd.
"Eva ToA) peydho pépog xpovou Kot UviUNG GOTOAMETOL GE OVTE TO LTOOEVTPA YMPIS KATO0
0VoL0oTIKO amoTéAespa. o avtd 10 Adyo, N Pedtimon mov €ytve KAAOEVEL TOV KOUPOVS TTOV
dev dnuovpyodv cluster otav mepiéyel 8 kopveés. Avtifeta, av évac koOpPog dnpovpyet
Kamoto cluster givon mBavo va dnuiovpyei kot kamorog amdyovog Tov, omdTe 6V KAUSEVETAL.
H vlomoinon avty pmopel dpmg, va pog odnyncel oy mapdfAeyr KOTOU®V OTOOEKTOV
cluster. Avtd umopei va emlvBei. Av 10 TpEEYLO TOV AOYIGUIKOD QTAGEL AiG10L 6TO TELOG TOL,
TOTE UTOPOVUE VAL OAAAEOVLE TIG TAPAUETPOVS OVl TNONG OOTE Vo, YIvETAL TO KAADEUO OO

9 N mepLGGOTEPES KOPLPEC.
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7. lIpoypoppotiotiko pépog - 'EE060g mpoypappotog

7.1 IIpoypapupotioTiko néEPOS

270 TPOYPOUUOTIOTIKO Koupdty, o kabe kouPog ovomoapiototor omd €vo oVTIKEIPEVO

KAGong node.

Eixova 34 - Kldgon node

node

O : ListBuffer[Vertexid]

So : ListBuffer[String]

S : ListBuffer{String]

cand : Array[ListBuffer[VertexId]]
Q :Double

Qc : Double

isCluster : Boolean

valid : Boolean

graph : Graph[Any, String]
num_layer : Int

root_cand() :Unit
make_cand() : Unit
find_max_cand() : Vertexld

IInyyiy: 1oia emelepyocio

Ene&fynon cvuvoptioewv g kKAdong node:
e root_cand() : dtudyvel TNV MoTa TOV DIOYHPLOV KOPLPDOV MG TPOG ETEKTACT] Y10 TOV
apywo koppo (piCa). H cuvéptnon dev emotpépet tinota.
e make_cand() : Emekteivel v AMota TV vroyneiov aviioyo pe TV KOPLET TOL
puoAc mpootédnke. H cuvaptnon dev emotpépet timota.
e find_max_cand() : Evrtomilel v xopven mov £xel To peyoddtepo Pabuod, cuykpitikd
ne OAEG TIG LVIOAOITES KOPLOES, o OAa ta layer. H cuvdptnomn emotpépel v kopuen

avtn, tomov VertexId.
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Ene&niynon Pacikdv cuvoptioe®yv Tov AOYIGHIKOD:

checkifRedundant() : Zvykpiver 600 cluster yio va amogaviei av vradpyet KGmolo
nAeovalov. Emotpépel pia Boolean tium.

expand() : H ocvvaptnon avt) eivar vredbbovvn yio v emnéktoon evog kOuPov.
Anpovpyel tov véo kO6pPo STnext o omoiog av dev khadevtel Oa mpootebel oV
ovpd. Emiong, eréyyel yio eviiopépovra cluster kou emnegepydletor tov kOpPo-yovio
STremain.

calc_quality() : Amogacilel av eivor «evdtapépov» éva cluster kot vmoloyilel v
TIUN TS TOLOTNTOG TOV.

calc_Qest() : Amopoociler av mepiéyel «evowapépovy cluster éva vmodévipo kot
vroAoYilel TNV TN TG TOLOTNTAS TOV.

calc_ k() : Ymoloyiler tqv ] K mov ypnouomoteitor Yoo ToV VTOAOYIGUO NG
TOWOTNTOG TV VIOdEVTIp@V. Emotpépet o tipn o Int.

calc_ouli() : Yroloyilet nv Tyur Oulmin TOL YpNOIHOTOLEITAL Y100 TOV VTOAOYICUO TNG
To10TNT0G TOV VITOdEVTPOV. Emotpépet pia tiun og Double.

find_min_degGi() : Ymoloyiler v Ty min_degsi mov ypnowuonolgital yio. Tov
VIOAOYIGUO TNG TTO10TNTAG TOV VITOdEVTPOV. Emotpépet pia tiur og Double.
find_nimax() : YmohoyiCet tnv tyur Ni™™ mov ypnowonoteitat yio Tov vroAoyIoHd ™G
To10TNTOG TOV VITodEVTpOV. Emotpépet pia tiun og Double.

prunel() : Extelel tv uébodo khadéparog 2.

prune2() : ExteAei uépog g nebodov khadépotog 3.

prune_ceil() : Extelel pépoc e pebodov khadépatog 3.
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7.2"E&060¢ TpoypappaTog

Xe autd 1o onueio Ba avaivbel n €£000¢ TOL AOYIGHIKOD KOTA TN OLUPKEWD EKTEAECTC.
HEeKvmvtog Aoumov, vmoAoyilovtal ot aKHES KOl Ol KOPLPEG OV TEPIEXEL TO OIKTVO TTOL

AVOADOLLLE, APALPMOVTOG T SUTAOTVTO OV VITAPYOLVV:

Eixova 35 - 'Eéodoc 1

IInyij: 1oia emelepyacio

‘Enetta, dnuovpyeitor o kopupog piCog (ROOT):

Ewxova 36 - Eéodog 2

IInyyiy: 1oia emelepyocio

[Ipwv ond wédBe PApo g emovainyng, Yoo vol LIOPYEL O €KOVA TOL OMUEIOL TOV
Bpiokdpaote, gpeaviCovtar ot apBuol tov otoyyeimv mov mEPEXEL 11 OVPA KOL TO GUVOAO

OTOTEAECUATOV:

Ewxova 37 - Eéodog 3

IInyn: Idta sneéepyacia

Kabe prpo, péoa oty emoavainym sivar aptOumuévo. Avaeépetat To av eivarl LTOdEVTPO 1

cluster kou cuveyiletr avaroya.:
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Eixova 38 - 'Eéodoc 4

IInyiy: 1oia emelepyacio

Yy mepintwon mov eivan cluster yivovtor kdmotor €leyyot yia to cluster ko umopel va

1pootedel GTO GHVOAO OMOTEAEGUATOV OV OAOL Etvart EVTAEEL.

Eixova 39 - 'Eéodoc 5

IInyn: Idia emeéepyacio

Yy mepinT®on mov eivor VIodEVTPo, yivetaw M eméktaon oe STnext kor STremain kot
eAEYYETOL oV VIGPYEL 0modeKTO Cluster pe Tig KopvEég mov mepiEyet To vVodEvtpo STnext, av

10 STnext dnuiovpynbel Ko £xel amodeKTn mOLdHTNTA.

Ewxova 40 - Eéodog 6

IInyn: Idta sneéepyacia

Eixova 41 - 'Eéodoc 7

IInyn: Idta sneéepyacia
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Eixova 42 - 'Eéodoc 8

IInyiy: 1oia emelepyacio

Eixova 43 - 'Eéodoc 9

IInyij: 1oia emelepyacio

Metd and ™ dnpovpyia gite kot tov STnext kot Tov STremain axoAovbei éva punvopa to
0mo10 LG EVILEPDVEL Y10l TO OV TO VTTOJEVIPO TPOCTEONKE GTNV 0LPE 1| O)L 1] v TEAEIGOV OL

VTOYNPLO1 OC TPOG EMEKTACT] TOL VTLOOEVTPOL:

Eixova 44 - 'Eéodoc 10

d to queuex*x

ITInyn: Idia emeéepyacio

Eiwxova 45 - 'Eéodog 11

Mo e

IInyn: Idta sneéepyacia

Edv éva cluster givon mheovalov tote gppavietar to axkdAovbo ppvopa:
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Eixova 46 - 'Eéodoc 12

IInyn: Idta enséepyacia

Otav @1doel 610 TEAOG TO TPOYPOUU EUPAVILETOL TO GUVOAO TMV OMOTEAECUATOV KOl O

YPOVOG EKTELEOC:

Eixova 47 - 'Eéodog 13

IInyn: Idta sneéepyacia
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8. Ileipapotikd pépog

8.1 Ileprypa@n CLVGTNOTOS KOL TPOOLAYPUPDV

270 TEPOAUOTIKO KOUPATL, Omov e€etdleTor 1 opBOTNTA, ) ATOS0CT KOl Ol SLVATOTNTES TOL
AOYIoUIKOO €DPEGNG KOWOTNT®V, ¥pnoytomomdnkay mpaypatikd diktva. Ta diktva avtd
givar pun kotevbBouvoueva, yopic Papn ko eivor multiplex. Tmv mepintwon mov eivor
KatevBouvopeva 1 £xovv BAapm, 6Ta GLYKEKPILEVA TELPAUATO OEV TO AAUPAVOVUE VITOY.

Ta evoiopépovto cluster mov avalnrovviolr ®g KOwOTNTEG, TEPLEYOLY TOVAAYIGTOV 8
KOPLQEG, TPEMEL VAL OVAKOVY GE TOLAQYloTov 2 layer kot vo égovv mokvotnta, Omme £xet
oplotel mopoamdvem, y = 0,5. Emiong, ta cluster ta omoio elvar mheovalovio dgv
ocoumepAappdvovtal 6T AloTO TOV OTOTEAEGUATMV.

H avomopdotacn tov Siktvmv €xel yivel ypnoomowdviog to Aoyouikd Gephi kot to
Pajek. H dwdikacio yio tnv avamapdotacn meplapPavel Tov doyopiopd TovV oKp®Y TV
kabe layer ocav Eexywpiotd yphonuo, 610Tt To AOYIOUIKG dev vrootnpilovy molveTineda
diktoa.

Ta dedopéva tv diktvwv Ppickovtat: http://deim.urv.cat/~manlio.dedomenico/data.php .

To mepduata xovv yivel oe Agrtovpykd cvotua Ubuntu Linux 16.04 (x64) ue Intel Core
i7-45000 CPU @ 1.80GHz 2,4GHz.
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8.2 1° Aiktvo

“Arabidopsis_largest.txt”314]:

Meletobvtar SlopPOPETIKOL TOTOL YEVETIKMOV OAANAETIOPACE®MY YlOL OPYAVIGHOVS GTO

Biological General Repository for Interaction Datasets (BioGRID, thebiogrid.org), pio

onuoocto Baon dedouévov mov apyetobetel dedopéva amd YEVETIKEC OAANAETIOPACELS Kot

OAANAETIOPACELS TPOTEIVOV OO avOPOTIVO OPYOVIGLOVGS KOl 0tO LLOVTEAD OPYOUVIGLAV.

To multiplex diktvo ypnoomotel ta Topakdt layer:

1.

2
3
4.
5
6
7

Apeon eman

YOUOTIKO CUGYETIGUO

[TpocOetikn yevetikn aAinieniopacn Kabopiopévn amd avicdtnTa
KotaotaAtikn yevetiky aAAnienidopoon kabopiopévn amd avicotnTo
2uvOeTIKY YEVETIKT 0AANAETIOpacT KaBopiopévn amd avicotnTa
2VGYETIOUO

Colocalization

Ap1Ouog axpmv: 17.930

ApBudg kopvopamv: 6.692

[TAn00¢ layer: 7

[Mopakdtom VEapyEL 1| ATEIKOVIOT TOV SIKTVOL:
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Eixova 48 - Arcixovion tov dikrvov Arabidopsis

Arabidopsis - Layer 1 Arabidopsis - Layer 2

#rabidopsis - Layar 3

AEas

Arabldopsis - Layer 4

Arabidopsis - Layer 5
f [

*0gos

Arabidopsis - Layer B

“.I.I-

o »

Arabidepsis - Layer 7

N

g .,

L

i

e

IIyyn: Idia sxeéepyacia
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Ta amoteAéopato TOV OIKTVOV Elval Ol KOWVOTNTEC:

1) Cluster: (180, 659, 660, 715, 1698, 670, 717, 716, 1708) Layers: (1, 2) Quality: 12.375
2) Cluster: (180, 659, 660, 715, 670, 678, 717, 665, 669) Layers: (1, 2) Quality: 12.375
3) Cluster: (180, 659, 672, 670, 715, 1698, 717, 660, 1708) Layers: (1, 2) Quality: 12.375
4) Cluster: (180, 659, 660, 715, 672, 670, 716, 1698, 1708) Layers: (1, 2) Quality: 12.375
5) Cluster: (180, 659, 660, 670, 678, 717, 716, 1698, 1708) Layers: (1, 2) Quality: 12.375
6) Cluster: (180, 659, 660, 715, 672, 670, 678, 717, 1708)  Layers: (1, 2) Quality: 12.375
7) Cluster: (180, 659, 660, 715, 670, 678, 717, 716, 1708) Layers: (1, 2) Quality: 12.375
8) Cluster: (180, 659, 660, 672, 670, 717, 716, 1698, 1708) Layers: (1, 2) Quality: 12.375
9) Cluster: (180, 659, 660, 672, 670, 678, 717, 716, 1708) Layers: (1, 2) Quality: 12.375
10) Cluster: (180, 659, 660, 672, 670, 678, 716, 1698, 1708) Layers: (1, 2) Quality: 12.375
11) Cluster: (180, 659, 660, 715, 672, 670, 678, 716, 1708) Layers: (1, 2) Quality: 12.375
12) Cluster: (180, 660, 672, 670, 715, 1698, 717, 716, 1708) Layers: (1, 2) Quality: 12.375

Layer 1 Layer 2

659

716

Result

1708 1708

1698 1698
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8.3 2° AiktTvo

“Auger_largest.txt”*5:
To diktvo amotedeitanr amd layer mov agopovv dwapopetikd kabnkovta péca octo Pierre

Auger Collaboration.

To multiplex diktvo ypnoiponotei ta Topakdtom layer:
1. NetpoéHvia

Aviyvevtng

Beltiooeig

Avicotpomia

Znpeto-IInyn

Yvotaon palog

Opilovtia

Y Bp1d1kn avoKoToGKELT

© 0o N o g bk~ w DN

ddopa

=
o

. Dotovia

-
-

. Atpocaiptkdg

=
N

. SD — avoxatackeun

=
w

. ASpoVviKég aAMAETIOPAGELS

H
o

. Exotics

[EY
ol

. Moayvntiko

=
D

. AGTPOPLGIKA GEVAPLOL

Ap1Ouog axpmv: 14.180
ApBudg kopvearv: 475
ITAn00¢ layer: 16

[Mapaxdto Ppioketar 1 aLeEKOVION TOV SIKTVOV:
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Eixova 50 - Aretkovion tov diktvov Auger

Auger - Layer 1

Auger - Layer 2

Auger - Layer 3

Auger - Layer 4

Auger - Layer 5

Auger - Layer 6

ansee.

Auger - Layer 7

Auger - Layer 8

Auger - Layer 10

o’

Auger - Layer 11

Auger - Layer 13

Auger - Layer 14

Auger - Layer 16

ITInyn: Idia emeéepyacio

51




Ta amoteAéopato TOV HIKTVOV lval Ol KOWOTNTEC:

1) Cluster with O: (125, 1, 85, 239, 257, 84, 81, 99, 82) Layers: (2, 3) Quality: 13.5
2) Cluster with O: (291, 287, 282, 286, 289, 292, 285, 288, 293, 409, 301, 283)

Layers: (12, 3) Quality: 48.0

Layer 3 Layer 12

286
285 | 287

283 | 288

Result

2 282 289 282

409

301 292

301 | 292
293

52



8.4 3° Aiktvo

“C.Elegans_largest.txt”[*3[4]:
Opolog pe to 1° dtkrvo (Arabidopsis_largest), peietiovvrar Siapopetikoi Tomot yeveTkdy

AAANAETIOPAGE®DV Y10l OpYAVIGUOVG, e Opota layer.

Ap1Opog axpmv = 5863
ApBudg kopvearv: 279
ITAn0og layer: 3

Ewkovo 52 - Areikovion tov dikrvov C.Elegans

C.Elegans - Layer 1 C.Elegans - Layer 2 C.tlegans - Layer 3

IIyyi: Loia emelepyaci

Ta anotedéopatao Tov S1KTHOL £lval 01 KOWVOTNTEG:

1) Cluster with O: (54, 55, 152, 151, 67, 68, 249, 92) Layers: (1, 3) Quality: 9.1428
2) Cluster with O: (54, 55, 152, 151, 67, 68, 92, 38)  Layers: (1, 3) Quality: 9.1428
3) Cluster with O: (54, 55, 152, 151, 67, 249, 92, 38) Layers: (1, 3) Quality: 9.1428
4) Cluster with O: (54, 55, 152, 151, 67, 68, 249, 38) Layers: (1, 3) Quality: 9.1428
5) Cluster with O: (54, 55, 152, 151, 67, 68, 38, 248) Layers: (1, 3) Quality: 9.1428
6) Cluster with O: (54, 55, 152, 151, 67, 92, 38, 248) Layers: (1, 3) Quality: 9.1428
7) Cluster with O: (54, 55, 152, 151, 249, 92, 38, 248) Layers: (1, 3) Quality: 9.1428
8) Cluster with O: (54, 55, 152, 151, 67, 249, 38, 248) Layers: (1, 3) Quality: 9.1428
9) Cluster with O: (54, 55, 152, 151, 67, 68, 92, 248) Layers: (1, 3) Quality: 9.1428
10) Cluster with O: (54, 55, 152, 151, 67, 249, 92, 248) Layers: (1, 3) Quality: 9.1428
11) Cluster with O: (54, 55, 152, 151, 67, 68, 249, 248) Layers: (1, 3) Quality: 9.1428
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Layer 1 Layer 3
LT T
55 a2 151
Result
j_ 161 162
68 1652 248
249 &7
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8.5 4° Aiktvo

“Sacchpomb_largest. txt”t3I14l:

Opoimg pe to 1° diktvo (Arabidopsis_largest), peketiobvior d10@opeTIKol TOTOL YEVETIKMV

AAANAETIOpAGEDV YioL OpyaVIGHOVG, pE Opota layer:

Ap1Ouog axpmv: 63.401
Ap1Buog kopvenv: 4078
ITAn00¢ layer: 7

[Moapaxdto Ppioketar 1 ATEKOVION TOV SIKTVOV:

55



Eixéva 54 - Areixévion tov diktvov Sacchpomb

Sacchpomb - Layer 1 Sacchpomb - Layer 2 Sacchpomb - Layer 3

AT

Sacchpomb - Layer 4

Sacchpomb - Layer 6

Sacchpomb - Layer 7

gert
ol

Hnyyy: 1oia emeéepyocia
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Ta amoteAéopato TOV HIKTVOV lval Ol KOWOTNTEC:

1) Cluster with O: (365, 125, 521, 4, 3, 291, 831, 123) Layers: (5, 6) Quality: 13.7142
2) Cluster with O: (365, 125, 4, 60, 219, 291, 6, 5, 62, 314) Layers: (5, 6) Quality: 11.1111
3) Cluster with O: (365, 125, 4, 60, 219, 291, 6, 5, 314, 56) Layers: (5, 6) Quality: 11.1111
4) Cluster with O: (365, 125, 4, 60, 219, 291, 6, 5, 62, 56) Layers: (5, 6) Quality: 11.1111
5) Cluster with O: (327, 671, 84, 475, 658, 657, 287, 1413) Layers: (3, 4) Quality: 10.2857

Layer 5 Layer 6

Result
1 3 265 3 291

123 521 831 . 365
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8.6 Iepartép® SIKTVLO KUl ATOTEAECHOTO,

‘Eywve avalnmon xowotitowv Kot o€ GAlo diktua, To omoia dev mapovctdloviar AOyw
EMEYNG ATOTEAECUATOV LE EVOLAPEPOV. TNV KaTNyopia avt Bpiokovtal Ta dikTvua Tov dev
TePLEYOVV Kavéva, evolapépov cluster, dmwg eniong Kot ekeiva mov ivot ToAd peydro doTE Vo

umopéoet va Ppedel KAmolo, TPOGEYYIGTIKY] TOVAYYIGTOV, ADGN LE TN YPTOT| TOV AOYIGHKOD.

ITivakxag 1 — Xovorrtikd aroteléouata nElpapdTwy

Maximal cluster

Kopvopég | Axuéc | Layers 7oV Ppébnkay Xpbvog
Arabidopsis 6,692 | 17,930 7 12 | 29 demtd 33 Sevrt.
Auger* 475 | 14,180 16 2 | ~5.5 hpeg
C.Elegans* 279 5,863 3 11 | ~ 3.5 opeg
Sacchpomb* 4,078 | 63,401 7 5| ~9 dpeg
EUAIr 417 3,588 37 0 | 44 devt.
London 369 441 3 0 | 7 devrt.
Mus 7,402 | 19,326 7 0 | 1 Aentd 44 devr.
Sacchere 6,567 | 280,849 7 X | > 48 hpeg
Homo 18,136 | 168,525 7 X | > 48 hpeg
NYClimate 99,666 | 348,585 3 X | > 48 hpeg
Arxiv 8,798 | 97,314 13 X | > 48 hpeg
MoscowAthletics2013 81,334 | 202,686 3 X | > 48 hpeg

ITInyn: Idia emeéepyacio

Yta multi-layer dixtva tov wivaka mov Egovv To cVupPoro (*) £xet Ppebel pa TpoceyyioTIKn
Aon amd 10 Aoywopkd Adym tov peydhov peyébouvg twv diktowv. To Aoyopikd elvan
eEQUPETIKA YPNYOPO OTNV VALY TV SIKTV®OV OV deV TEPLEYOVVY vdtapépovta cluster yati

YiveTal KAGOELD OTO OPYLKA VTTOOEVTPO Kol TO €0POG avalTNONG LEUDVETOL CTIULOVTIKA.
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9. Xvvoyn — Advvapieg Aoyioptkov / MeALOVTIKES

EMEKTAGELS

9.1 Xovoyn

H ypnon tov quasi-cliques oto cuvbeta diktva Pondaet oto va Ppebodv kKowvoTnTEG TMV
OVTOTHT®V OV VIAPYOLV HECH GE OVTO, TOV GLVNOMG avamapleToHV GToKEln [LE TaPOLLOLL
YOPOKTNPLOTIKA. ZT cOyypove cOvBeTa dikTva fvor po apKeTd damavnpr| dtadtkacio 6Gov
aPOpd TO0 KOGTOC LVITOAOYIGHOD TNG Kot TOAAEG @OpEG lvarl dSuVOTO VO TPOKVTTEL HEYAAO
uépog mieovalovoag mAnpogopioc. I'e 1o Adyo avtd, €ytve ypnion tov uebdSwV 1TOL
avantOYONKay Tapondve, OTmMG ETIONG KOl TOL KAMOEUATOS TOV PEATIOVEL GNUOVTIKG TNV
andd0on T™E GLVOMKNG dadikaciag. Axdua, ypnowonomdnke n mhlateopua yuwo cluster
computing Spark, mov efelicoetar paydaior Kot KOOGTA 1KOVY) TNV OTOTEAECUATIKN
dwayeipion kot eneepyacia yio big data. To Aoyiopkd mov dnpovpyndnke ota mhaicto g
napovcog epyaciag eivor wovd vo vrmoloyicel Tig Kowotnteg o éva cuvbeto dikTvo,
oLV e TG Tpodlaypapés (HEyebog, mukvoTTa, AveEKT ETKAALYT) TTov opilovue Yo

KGO diktvo.

59



9.2 Advvaopieg AoYIGUIKOU KOl HEALOVTIKES EMEKTACELS

[Tapdéio mov 1O AOYIGHIKO UTOPEL VO OVOKAADWEL TIG KOWOTNTES TOL LAAPYOVV GE £val
ouvBeTo dikTVLO, VITAPYOLV KATOEG adVVapiEG Tov TPEmel va, avagepBovy. To Aoyioukd dev
umopel v vrootnpi&el oAV peydiov peyébovg diktva Kot pmopel vo TEAELOGEL 1] VALY TOV
TPW TNV oiclo. OAOKAP®ON TOV. Z€ KAMOEG TEPMTMSELS “mpoiafaivel” va Ppet pepikég
KOWOTNTEC TPV TEPUOTIOEL AMOY® EAAEWYMG UVIAUNG, EVO O€ KATOEG AALEC Oyt Aev glval
duvaTd Vo TPOGOOPIGOVLE Ol aKPIPMOS Bempovvian TOAD peydAa dikTLa Y100 TO AOYICUIKO
vy Tov Adyo Ot avutd e€opTdtan Kot amd GAAOVS TOPAYOVTEG TEPO GO TIG OKUES KO TIG
KopLEEG. TToADd peyddo poro mailel n cvvdesporoyia. I'a mapdderypa, propet éva diktvo vo
TEPEYEL OPKETEG MAdES akuéc oe €va povo layer kou povo Aiyeg ota GAla. Avtég ot
YMAdeS akpég etvar moAD mhovo va KAadOELTOOV G€ TOAD  apykd GTAO0 Kot Vo amopeivel
évol LKPO UEPOC TOL OIKTVOV, aVTO 7oL Ppioketal o mopomdve amd évo layer, yuo vo
avaAvOet.

210 Aoylopko £xovv viomomBel Kdmoleg TeYVIKES KAAOELATOS, TOL OLMG OgV Elval apKETES
KaOdc ota peydia diktva Exovpe peydAovg ypovous ektédeons. Emiong, av vAomomBovv
TEPLOCOTEPEG TEYVIKEG KAAOELTOG, Oa BEATIN00VV, EKTOG OO TOVG YPOVOLS EKTEAECT|G KoL OL
TEPUTAOCELS OOV EYOVUE EAAELYT LVIUNG.

[Tepiocotepeg ko mo ovvleteg péBodol KAadENATOG pmopodv vo. vAomomBovv og
LEALOVTIKY] €KJOGT] TOL AOYIGHIKOD. MEALOVTIKEG EMEKTACELS UTOPOVV VO YPNGULOTOLOVV
TOPATAVEO 0AYOPIOIOVS avaKAALYNG KOWVOTHTOV avAAOYd LE TO TTO10G ivarl TayOTEPOS Y10l TO
€KA0TOTE JIKTVO.

Xe pehdovtikn €kooomn pmopel, emmAéov, va mpootedel ypapikd mepiBdArov, 6mov kaveig
Ba umopel va mapakoiovBel v extédleon kot vo pmopel vo gl TOL AMOTEAECUOTO GOV
ypoenuata, kobdg okopo kKor vo umopel va emeepyootel TIG TOPOUETPOVS EKTEAECNG

(emBounto péyebog cluster, omodekthg TLKVOTNTOG KOl ETKAAVLYNG).
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10. Hapaptnpa

210 mopatnpo mopatifetol o kddKag Tov Aoyispikov MCD.

package community_detection_pkg
import org.apache.log4j.{Level, Logger}
import org.apache.spark._
import org.apache.spark.graphx.{EdgeTriplet, _}
import org.apache.spark.rdd.RDD
/limport for mutable List Buffer
import scala.collection.mutable.ListBuffer
/limport for queue and array and map
import scala.collection.mutable.Queue
/limport breaks
import scala.util.control.Breaks._
/**
* Created by Lazaros Koiou on 28/9/2016.
*/
class node(graph:Graph[Any, String], num_layer:Int)

var O = new ListBuffer[(graphx.Vertexld)] // set of vertices

var Q :Double =0

var Qc:Double =0

var isCluster :Boolean = false

var So = new ListBuffer [String] () /Il cand layers

var S = new ListBuffer [String] ()

var valid:Boolean = false

var cand:Array[ListBuffer[(graphx.\ertexId)]] = new Array[ListBuffer[(graphx.\ertexId)]](num_layer)
def root_cand(): Unit =

printin(*'\nRoot candidates:"")
for (layer <- So.sortWith(_ <)) {
val pos:Int = layer.tolnt
var list:ListBuffer[\VertexId] = new ListBuffer[\VertexId]
graph.edges.collect
.foreach {Edge =>
if (Mlist.contains(Edge.srcld) && (Edge.attr == layer.toString))

list += Edge.srcld
if (!So.contains(layer.toString)) So += layer.toString

}
else if (!list.contains(Edge.dstld) && (Edge.attr == layer.toString))
list += Edge.dstld
if (1So.contains(layer.toString)) So += layer.toString
}
cand(pos-1) = list.sortWith(_ < )
printin(*'candO," + pos + " =" + cand(pos - 1).sortWith(_ < ))
}
So = So.sortWith(_< )

printin(*\nSo from root_cand:"" + So)

}

61



def make_cand(u:graphx.\ertexld): Unit =
{
/lu vertex is used to form the new candidates list
for (layer <- So.sortWith(_< )){
var list: ListBuffer[\VertexId] = new ListBuffer[\ertexId]
[* Must:
* 1. Not be contained in list (no extra copies)
* 2. Contained in relevant layer
* 3. Be a neighboring vertex to u that we have added in STnext
* 4. Don't add to cand ea vertex that exists in node (O)
*/
if (O.length ==1)
{

graph.edges.collect
.foreach { Edge =>
if (list.contains(Edge.srcld) && (Edge.attr == layer.toString) && O.contains(Edge.dstld)
&& '0.contains(Edge.srcld)) {
list += Edge.srcld
if (!So.contains(layer.toString)) So += layer.toString

else if (Mlist.contains(Edge.dstld) && (Edge.attr == layer.toString) && O.contains(Edge.srcld)
&& 10.contains(Edge.dstld)) {
list += Edge.dstld
if (1So.contains(layer.toString)) So += layer.toString

cand(layer.tolnt - 1) = list
else

list = cand(layer.tolnt - 1)
graph.edges.collect
.foreach { Edge =>
if (Ilist.contains(Edge.srcld) && (Edge.attr == layer.toString) && (u == Edge.dstld)
&& '0.contains(Edge.srcld)) {
list += Edge.srcld

}
else if (!list.contains(Edge.dstld) && (Edge.attr == layer.toString) && (u == Edge.srcld)
&& '0.contains(Edge.dstld)) {
list += Edge.dstld

}

}
cand(layer.tolnt - 1) = list
}
}
}
def find_max_cand(): VertexId =
{
var i:zInt=0
//create a mutable Map that has (VertexId), (2 deg(u))
var cand_map = scala.collection.mutable.Map[VertexId, Int]()
/I for each layer make a mini subgraph of the subgraph to find max candidate
for (layer <- So.sortWith(_ <)) {
val layergraph: Graph[Any, String] = graph.subgraph(epred = e => layer == e.attr)
val degrees: VertexRDD[Int] = layergraph.degrees
if (O.isEmpty) //if root
{

degrees.collect.foreach {
case (vertex, deg) =>
if (Icand_map.keySet.contains(vertex)&& cand(layer.tolnt - 1).contains(vertex)) {
cand_map += (vertex -> deg)

else if (cand_map.keySet.contains(vertex)) {

cand_map.keys.foreach(i =>
if (i == vertex) {
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cand_map(i) += deg

}

else /lif not root

degrees.collect.foreach {
case (vertex, deg) =>
if (lcand_map.keySet.contains(vertex) && cand(layer.tolnt - 1).contains(vertex)) {
cand_map += (vertex -> deg)

else if (cand_map.keySet.contains(vertex)) {
cand_map.keys.foreach(i =>
if (i == vertex) {
cand_map(i) += deg

val maxKey = cand_map.maxBy(_._2)

val u:Vertexld = maxKey._1

printin(*"Max Cand Vertex is: "+ u+ " " + maxKey)
u

}
}

object MCD {
/lthresholds for |O|<8 and |S|<2
val O_threshold:Int = 8
val S_threshold:Int = 2
/lwe need queue in scope for expand_procedure
var queue = Queue[node]()
var result:ListBuffer[node] = new ListBuffer[node]
var max_layerROOT:Int = -1
def main(args: Array[String]): Unit = {
val t0 = System.nanoTime()
val conf = new SparkConf()
.setAppName("'Load graph')
.setMaster(**local')
val sc = new SparkContext(conf)
/I stop INFO spark messages
val rootLogger = Logger.getRootLogger()
rootLogger.setLevel(Level. ERROR)
val inputFile = ""/home/hm/Desktop/testnet_inputs/tested/Arabidopsis_largest.txt"
/I data form must be:
/I layer vertex_source vertex_dest
val edges: RDD[Edge[String]] =
sc.textFile(inputFile).map { line =>
val fields = line.split(** **)
Edge(fields(1).toLong, fields(2).toLong, fields(0))
}.distinct
val graph: Graph[Any, String] = Graph.fromEdges(edges, ""V'")
graph.cache()
printin(*'num edges = ** + graph.numEdges)
printIn(*'num vertices = ** + graph.numVertices)
/lcreate root ST
printin(**-----"")
printIn(**Creating root ST..."")
var Sroot = new ListBuffer[String]()
for (triplet <- graph.triplets.collect) {
if ('Sroot.contains(triplet.attr: String)) {
Sroot += (triplet.attr: String)
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}

b
Sroot = Sroot.sortWith(_ < _)

for (temp <- Sroot) {
if (max_layerROOT < temp.toint) {
max_layerROOT = temp.tolnt

}

}

printin(""ROOT max layer is: ' + max_layerROOT)
val root = new node(graph, max_layerROOT)
root.So = Sroot

root.root_cand() //only for ROOT

printin(**-----"")

var continue = true

var vertices_num_bef =0

var vertices_num_after = 0

for (layer <- root.So)

for (c <- root.cand(layer.tolnt - 1))
{

vertices_num_bef +=1

¥

printin(**Pruning...."")
while (continue){
continue = false
for (layer <- root.So) {
val OcandO: ListBuffer[\ertexId] = new ListBuffer[VertexId]
/Iprune all candidates that belong to less than 2 layers
prunel(root, layer)
for (c <- root.cand(layer.tolnt - 1)) {OcandO +=c}
if (root.cand(layer.toInt - 1).nonEmpty) {
//prune all candidates that have degree less than ceil(y * (O] - 1))
if (prune_ceil(root, layer, OcandO, graph))
{

continue = true

}

}
OcandO.clear()
}

for (layer <- root.So)
{
for (c <- root.cand(layer.tolnt - 1))

{

vertices_num_after += 1
}
}
val pruned_vertices = vertices_num_bef - vertices_num_after
printin(**Number of vertices pruned from candO,i: ** + pruned_vertices)

printin(*\nS.cand after pruning:')
for (layer <- Sroot)

printin(*'cand(*"+layer+"): ** + root.cand(layer.tolnt - 1))

/linitialize queue with ROOT
printin(**Initializing Queue...")
printin(**-----"")
queue += root
var step:Int =-1
/Iwhile end condition is empty queue
while (queue.nonEmpty) {
step+=1
/lqueue sorted before pop
queue = queue.sortWith(_.Q > _.Q)
val Obj = queue.dequeue()
printin(*\nStep " + step + "*: Current node is: " + Obj.O.toList + " with Q =" + Obj.Q)
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printin(**Sum of queue elements with quality " + Obj.Q + " is ** + queue.count(_.Q == Obj.Q))
if (10bj.isCluster) {

printin(**Current node is subtree!"")

val u: Vertexld = Obj.find_max_cand()

/lexpand subtree

expand(graph, u, Obj)

printin(*'Queue has " + queue.length + ** elements™)

printin(*"Result has " + result.length + ** elements'")

if ((step%20 == 0) && result.nonEmpty)

{

for (i<-result)

printin(**'Cluster with O: " +i.0.sortWith(_< )+ " S: "+i.S+" Q: " +i.Q)
}

printin(*"\n-----"")
}

else

I

printin(*"Current node is cluster!"")
/lcheck if redundant if false then add it to Result List
var redundant: Boolean = false
var temp: Boolean = true
if (result.nonEmpty) {
breakable {
for (i <- O until result.length) {
temp = checkifRedundant(Obj, result(i), graph)
if (temp) {
redundant = true

}
if (temp) break()

}
if (Iredundant) {
/1if not redundant add it to result
if ((Obj.S.length >=S_threshold) && (Obj.O.length >= O_threshold) ) {
result += Obj
printin(*****Cluster added to Result****")
printIn(**Checking if there are redundant clusters in result..."")
/[find redundant clusters in result
var temp:ListBuffer[node] = new ListBuffer[node]
for (r <- result.sortWith(_.Q > _.Q))
{
var isRedundant = false
result-=r
if (temp.nonEmpty)

breakable { for (t <- temp)
if (checkifRedundant(r, t, graph))

isRedundant = true
printin(**'Redundant cluster found in result...Keeping the one with better quality!"")
break()
}
}}

if (YisRedundant)
{

temp +=r
}

}
for (t <- temp)

temp -=t
result +=1t
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/lend find redundant clusters in result
printIn(**New result contains:*")
for (i<-result)

printin("Cluster with O: " +i.0 + " S: "+i.5+ " Q: " +i.Q)
}
}
}
}

else {
/I'if result is empty then cluster cant be redundant
if ((Obj.S.length >='S_threshold) && (Obj.O.length >= O_threshold) ) {
result += Obj
printin(*"***Cluster added to Result***"")
printin(**New result contains:"")
for (i<-result)

printin(*"Cluster with O: " +i.0 + " S: "+i.5+ " Q: " +i.Q)
}
}

printin(**-----"")
printin(**Queue has " + queue.length + ** elements"")
printin(*"Result has " + result.length + ** elements'")
if ((step%20 == 0) && result.nonEmpty)

{

for (i<-result)

printin("Cluster with O: " +i.0+" S: "+i.S+ " Q: " +i.Q)

}
printin(*"\n-----"")

}/end of while loop

var count: Int=1

printin("\nRESULT =)

for (r <- result) {
printin(count + ') Cluster: " + r.O.sortWith(_ < )+ "\t S: " + r.S.sortWith(_< )+ "\t Q: " +r.Q)
count+=1

/lcalculate time

val t1 = System.nanoTime()

val time_in_sec = ((t1 - t0) / 1000000000).toInt

val hours = (time_in_sec / 3600).floor

val minutes = ((time_in_sec - (hours * 3600))/60).floor

val seconds = time_in_sec - (hours * 3600) - (minutes * 60)

printin(*"\nElapsed time: ** + time_in_sec.tolnt + ** seconds"")

printin(*'Elapsed time: " + hours.tolnt + ** hours " + minutes.tolnt + ** minutes ** + seconds.tolnt + ** seconds'")

def checkifRedundant(C1:node, Cresult:node, graph:Graph[Any, String] ): Boolean =
{
var condl:Boolean = false
var cond2:Boolean = false
val r:Double = 0.25
//if the cluster already exists in result
if ((C1.0.sortWith(_ < _) == Cresult.O.sortWith(_ < _)) && (C1.S.length <= Cresult.S.length) && (C1.Q <=
Cresult.Q))
{
printin(*"***Cluster is redundant because it already exists in result!***'")
return true

/lcondition 1
if (C1.0.sortWith(_ < _) != Cresult.O.sortWith(_< _))

condl = true

}
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if (Icondl) return false
/lcondition 2
if (C1.Q < Cresult.Q)

{

cond2 = true

if (Icond2) return false

/lcondition 3

/Isection that of S and '

var i: ListBuffer[String] = new ListBuffer[String]()
for(j <- C1.S ; k <- Cresult.S)

if (== k)
{ - -
i+=j

}

}
i = i.sortWith(_<_)
val C1_Olist = C1.0.toL.ist
val C2_Olist = Cresult.O.toL.ist
/1 find edge overlaps between 2 clusters
var iEi:Double =0
var sum:Double =0
for(layer <- i)

val subgraphl:Graph[Any, String] = graph.subgraph(vpred = (v, d) => C1_Olist.contains(v), epred = e => layer ==
e.attr)

val subgraph2:Graph[Any, String] = graph.subgraph(vpred = (v, d) => C2_Olist.contains(v), epred = e => layer ==
e.attr)

iEi=0

for (tripletl <- subgraphl.triplets.collect ; triplet2 <- subgraph2.triplets.collect)

if (tripletl.equals(triplet2))
{

iEi +=1
}

sum +=iEi / subgraphl.numEdges

val EdgeOverlap:Double = sum * 1/ C1.S.length
if ((EdgeOverlap >=r) && condl && cond2)
{

printin(*"'1/S * (iEi / Ei(O)) = " + EdgeOverlap + " >=r = 0.25")
printin(**Cluster is redundant\n"")
true

else false
}
def expand(graph:Graph[Any, String], u:graphx.\ertexId, STremain:node): Unit = {
var Onext = new ListBuffer[(graphx.\ertexId)]
var Sonext = new ListBuffer[String]()
var candnext: Array[ListBuffer[(graphx.\ertexId)]] = new Array[ListBuffer[(graphx.\ertexId)]](max_layerROOT)
var recycle = false
val validation_num =8
printin(*'Expanding ** + STremain.O + ** subtree..."")
for (elem <- STremain.O) {
Onext += elem
}
Onext +=u
for (elem <- STremain.So) {
Sonext += elem

/Ipass cand to cand_next
for (layer <- Sonext) {
var listnext: ListBuffer[Vertexld] = new ListBuffer[\ertexId]
for (elem <- STremain.cand(layer.tolnt - 1)) {
listnext += elem
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candnext(layer.tolnt - 1) = listnext
}
/lcalc Sonext
for (layer <- Sonext) {
if (Icandnext(layer.tolnt - 1).contains(u)) {
Sonext -= layer
}

}

var same_next = false
if ((Onext.length <= validation_num)||STremain.valid)
{//this is made to minimize search area, search |O|>8 ONLY when a cluster is formed for 8 vertices
breakable {
for (q <- queue) {
if (Onext.sortWith(_ < _) == g.0.sortWith(_ < _) && (Sonext.length <= g.So.length)) //if same cluster exists dont
insert to queue
{
same_next = true
break()
}
}

if (same_next) {
//make a new cluster with Onext and Sonext
var STnext: node = new node(graph, max_layerROOT)
STnext.O = Onext
STnext.So = Sonext.sortWith(_ < _)
for (layer <- STnext.So) {
if (candnext(layer.tolnt - 1).contains(u)) {
candnext(layer.tolnt - 1) -=u

STnext.cand(layer.tolnt - 1) = candnext(layer.tolnt - 1)

//STnext.cand must be made again from scratch for vertex u
STnext.make_cand(u)
printIn(*\n->STnext cluster/subtree created with .O =" + STnext.O + " .So ="' + STnext.So)
printIn(**before prune:*)
for (layer <- STnext.So.sortWith(_ <_)) {
printin(**candO," + layer + **: ** + STnext.cand(layer.tolnt - 1))
}

var v_next_before = 0
var v_next_after =0
for (layer <- STnext.So) {
for (c <- STnext.cand(layer.tont - 1)) {
v_next_before +=1
}
}
var toprune: Boolean = false
var continue: Boolean = true
while (continue) {
continue = false
for (layer <- STnext.So) {
val OcandO: ListBuffer[VertexId] = new ListBuffer[VertexId]
/Iprune all candidates that belong to less than 2 layers
prunel(STnext, layer)
for (c <- STnext.cand(layer.toInt - 1)) {
OcandO +=c¢
}
for (c <- STnext.O) {
OcandO +=c¢

}
if (STnext.cand(layer.tolnt - 1).nonEmpty) {
/lprune all candidates that have degree less than ceil(y * (|O] - 1))
if (prune_ceil(STnext, layer, OcandO, graph)) {
continue = true

}

//prune layers in which O contains a vertex with degree less than ceil(y * (]O| - 1))
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toprune = prune2(STnext.O, layer, OcandO, graph)
if (toprune) {

STnext.So -= layer

continue = true

}

}
OcandO.clear()
}

printin(**after prune:"")
for (layer <- STnext.So.sortWith(_ <)) {
printin(*'candO," + layer + "*: " + STnext.cand(layer.tolnt - 1))

for (layer <- STnext.So0) {
for (c <- STnext.cand(layer.tolnt - 1)) {
v_next_after += 1
}

}
val v_next_pruned = v_next_before - v_next_after
printin(*"pruned from cand: " + v_next_pruned)
var end_subtree_next = true
breakable {
for (layer <- STnext.So) {
if (STnext.cand(layer.toInt - 1).nonEmpty) {
end_subtree_next = false
break()
}
}

if (lend_subtree_next) //if there are no more candidates dont add to queue
{
printIn(*'Calculating Qest..."")
calc_Qest(STnext, graph)
printin(**STnext Qest():"" + STnext.Q)
if (STnext.Q >=0) {
queue += STnext
printin(*****Subtree added to queue****)

else printin(*"***Q < 0. Subtree not added to queue***"")
recycle = true

else {
printin(*"***Subtree end. No more candidates***"")
recycle = true
printin(*"***Recycled****)

}
/ICreated ONLY if quality is > 0
/IChecking if there is a cluster C = (Onext, S) and if redundant
printin(*\nChecking if cluster C = (Onext, S) exists... , where S ¢ So")
printin("Onext =" + STnext.O + " S ="" + STnext.So0)
val s_graph: Graph[Any, String] = graph.subgraph(vpred = (v, d) => Onext.contains(v))
calc_quality(STnext, s_graph)
if (STnext.Qc >0) {

var c: node = new node(graph, max_layerROOT)

for (0 <- STnext.O) {

cO+=0

}
for (s <- STnext.S) {
cS+=s

}

€.Q = STnext.Qc

c.isCluster = true

/lthis is to initialize cand as empty list instead of null

var list: ListBuffer[\ertexld] = new ListBuffer[\VertexId]
list+=1

list-=1

for (layer <-¢.S) {
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c.cand(layer.tolnt - 1) = list

/1if not redundant add cluster to queue
var redundant: Boolean = false
var temp: Boolean = true
if ((c.Q >0) && (c.S.length >= S_threshold) && (c.O.length >= O_threshold)) {
if (result.nonEmpty) {
breakable {
for (i <- 0 until result.length) {
temp = checkifRedundant(c, result(i), graph)
if (temp) {
redundant = true
printin(*"***Cluster is redundant!***"")
c=null
break()
}
}

}
if (Iredundant) {
queue +=¢
printin(""***Cluster added in queue!***"")
STnext.valid = true
}
}
else {
queue +=¢
printin(*"***Cluster added in queue!***"")
STnext.valid = true

}

else {
c=null
printin(*"***Not a cluster!***"")

}
else {
printin(*****Cluster not created***"")

}

if (recycle) {
STnext = null

}

}
else {
printin(*"***Subtree " + Onext + ' was the same as one which is already in queue***'")
printin(*"\n***Cluster is the same as one which is already in queue****")
}
}

else
{ printin(""\n***|O| > " +validation_num+ "* in "'+ Onext +". Pruned to minimize search tree***"") }
for (layer <- STremain.So) {
STremain.cand(layer.toint - 1) -=u

if ((STremain.O.length <= validation_num) || STremain.valid ) {
printIn(*"\n->STremain cluster/subtree created with .O =" + STremain.O + ** .So = ** + STremain.So)
printIn(**before prune:*)
for (layer <- STremain.So.sortWith(_ < )) {
printin(*'candO," + layer + **: ** + STremain.cand(layer.tolnt - 1))

var v_remain_before = 0
var v_remain_after = 0
for (layer <- STremain.So) {
for (c <- STremain.cand(layer.toint - 1)) {
v_remain_before +=1
}
}
var toprune_remain: Boolean = false
var continue_remain: Boolean = true
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while (continue_remain) {

continue_remain = false

for (layer <- STremain.So) {
val OcandO: ListBuffer[\VertexId] = new ListBuffer[VertexId]
/Iprune all candidates that belong to less than 2 layers
prunel(STremain, layer)
for (c <- STremain.cand(layer.toint - 1)) {

OcandO +=c¢

}
for (c <- STremain.O) {
OcandO +=c¢

if (STremain.cand(layer.tolnt - 1).nonEmpty) {
//prune all candidates that have degree less than ceil(y * (|O| - 1))
if (prune_ceil(STremain, layer, OcandO, graph)) {
continue_remain = true
}
//prune all candidates that have degree less than ceil(y * (O] - 1))
toprune_remain = prune2(STremain.O, layer, OcandO, graph)
if (toprune_remain) {
STremain.So -= layer
continue_remain = true

}
}
OcandO.clear()

printin(**after prune:')
for (layer <- STremain.So.sortWith(_ <)) {
printin(*'candO," + layer + ': " + STremain.cand(layer.tolnt - 1))

for (layer <- STremain.So) {
for (c <- STremain.cand(layer.tolnt - 1)) {
v_remain_after += 1
}
}
val v_remain_pruned = v_remain_before - v_remain_after
printin(**pruned from cand: ** + v_remain_pruned)
/Isame subtrees will be avoided
var never_valid = false
var end_subtree_remain = true
breakable {
for (layer <- STremain.So) {
if (STremain.cand(layer.tolnt - 1).nonEmpty) {
end_subtree_remain = false
break()

}

if (STremain.So.length >= S_threshold) //if |So| < 2 don't insert to queue

if ((STremain.So.length == S_threshold) && (STremain.O.length < O_threshold)) {
breakable {
for (layer <- STremain.So) //for each layer So has, find if empty cand

if (STremain.cand(layer.tolnt - 1).isEmpty) {
never_valid = true //prune it
break()
}
}
}

if (lend_subtree_remain) {
/if no more candidates left dont add subtree to queue
if ('never_valid) {
printin(**Calculating Qest..."")
calc_Qest(STremain, graph)
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printin(**STremain Qest():"" + STremain.Q)
if (STremain.Q >=0) {

queue += STremain

printin(*"***Subtree added to queue***")

else printin(*****Q < 0. Subtree not added to queue***"")
}
else {

printin(""***Never valid. Prune subtree***")

}
else {
printin(*"***Subtree ended. No more candidates™)
}
}
else {
printin(*"\n***|So| < 2. Subtree was not added to queue***"")

else { println ("***|O| > "* +validation_num+ " && not_valid " + STremain.O + . Pruned to minimize search
tree***'")}
printin(*\n-----"")

}
def calc_quality (C1:node, s_graph:Graph[Any, String]): Unit = {
vari: Int=0
var deleted:ListBuffer[String] = new ListBuffer[String]
//make an array item for each layer
val yG: Array[Double] = new Array[Double](max_layerROOT)
if (s_graph.numVertices < O_threshold || C1.So.length < S_threshold)

Cl1.Qc=-1
return
/lpass So to S

for (layer <- C1.S0) { C1.S += layer}
/I for each layer make a mini subgraph of the subgraph to find minimum degree vertex
for (layer <- C1.S.sortWith(_ <)) {
val layergraph: Graph[Any, String] = s_graph.subgraph(epred = e => layer == e.attr)
/[find min degree
var min_degree = 999
var min_vertex: Vertexld = 999
val degrees: VertexRDD[Int] = layergraph.degrees
degrees.filter { case (vertex, deg) => min_degree >= deg }.collect()
.foreach { case (vertex, deg) => if (min_degree >= deg) {
min_degree = deg
min_vertex = vertex
}
}
i = layer.tolnt
vG(i - 1) = min_degree.toDouble / (layergraph.numVertices.toDouble - 1)
if (yG(i-1)<0.5){
C1.S -=i.toString
deleted += i.toString

}
var yS: Double = -1
if (C1.S.nonEmpty) {
yS=0
for (x <- yG)
vS +=x/ Cl.S.length
}
}
If10] <3| IS| <2
if (yS1=-1)
{

if (s_graph.numVertices >= O_threshold && C1.S.length >='S_threshold) {
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C1.Qc = s_graph.numVertices * C1.S.length * yS
1 printIn("s_graph.num\Vertices = " + s_graph.numVertices + " So.length =" + So.length + " gS =" + »S)
printin(""Q =" + C1.Qc)
printin(*'Deleted from |S|: ** + deleted)
}
else {
Cl.Qc=-1
printin("'Q =" + C1.Qc + "": Vertice quantity or layer quantity not fulfilled!"")
printin(*'|S| = ** + C1.S.length +"* (Some layers may have been removed if not dense enough)™)
printin(**|O| =" + s_graph.numVertices)
printin(*'Deleted from |S|: ** + deleted)
}
}
else
{
Cl.Qc=-1
printin("Q =" + C1.Qc + "': Vertice quantity or layer quantity not fulfilled!"")
printIn(*|S| = ** + C1.S.length)
printin("*|O| = ** + s_graph.num\Vertices)
printin(*'Deleted from |S|: " + deleted)
}

}

def calc_Qest(C1:node, graph:Graph[Any, String]) {
val r: Double = 0.25
var Oinew: ListBuffer[VertexId] = new ListBuffer[\ertexId]()
var k:Int =0
var ouli:Double =0
var oul_min:Double =999

/[ if (result.nonEmpty) {
if (false) {
breakable { for (c <- result) //c.O is Oresult

for (layer <- C1.S0)
{

/IEi(O u candO,i)
for (v<- C1.0) {
Oinew +=v

for (cand_temp <- Cl.cand(layer.tolnt - 1)) {
if (10inew.contains(cand_temp)) {
Oinew += cand_temp
}

}
Oinew = Oinew.sortWith(_ <)

k = calc_k(Oinew, c.O, graph, layer)
ouli = calc_ouli(C1.0, c.O, graph, k, layer)
if (ouli < oul_min) {

oul_min = ouli

Oinew.clear()
}
/loul_min found < 0.5 no need to search further
if (oul_min < 0.25) { break() }

13}

else {oul_min=0}

var yimax:Double =0

var min_degGi:Double = 0

var nimax:Double = 0

var yimax_List:ListBuffer[Double] = new ListBuffer[Double]
var nimax_List:ListBuffer[Double] = new ListBuffer[Double]
var max_List:ListBuffer[Double] = new ListBuffer[Double]
var sum:Double = 0

if (oul_min >=r)

Cl1Q=-1
printin(*"oul_min =" + oul_min + " >= r => Subtree is redundant!"")
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else

for (layer <- C1.S50){
for (v<-C1.0){
Oinew +=v
}
for (cand_temp <- Cl.cand(layer.tolnt - 1)) {
if (10inew.contains(cand_temp)) {
Oinew += cand_temp

}

}
min_degGi = find_min_degGi(C1.0, Qinew, graph, layer)
if ((min_degGi / C1.0.length) < 1) { yimax = min_degGi / C1.0.length }
else { yimax=1}
yimax_List += yimax
nimax = find_nimax(min_degGi, Oinew, graph, layer)
nimax_List += nimax
}
yimax_List = yimax_List.sortWith(_ > )
nimax_List = nimax_List.sortWith(_ > _)
for (k <- 0 until C1.So.length)
{
sum=0
for(m<-0tok)

sum += yimax_List(m)

}

max_List += nimax_List(k) * sum

C1.Q = max_List.max
if ((nimax_List.max < O_threshold) || (C1.So.length < S_threshold))

ClQ=-1
}
}
def calc_k(Oi:ListBuffer[\ertexld], Oresult:ListBuffer[VertexId], graph:Graph[Any, String], layer:String): Int ={
var k:Int=0

var minus_k:Int=0

val temp_subgraphl: Graph[Any, String] = graph.subgraph(vpred = (v, d) => Oi.contains(v), epred = e => layer ==
e.attr)

val temp_subgraph2: Graph[Any, String] = graph.subgraph(vpred = (v,d) => Oi.contains(v) && Oresult.contains(v),
epred = e => layer == e.attr)

if (result.isEmpty)

k = temp_subgraphl.numEdges.tolnt
}

else

1 for (tripletl <- temp_subgraphl.triplets.collect ; triplet2 <- temp_subgraph2.triplets.collect)
for (edgesl <- temp_subgraphl.edges.collect ; edges2 <- temp_subgraph2.edges.collect)

if (edgesl.equals(edges?2))
{

minus_k +=1

}

k = temp_subgraphl.numEdges.tolnt - minus_k

3
k

}
def calc_ouli(Oi:ListBuffer[\Vertexld], Oresult:ListBuffer[\VertexId], graph:Graph[Any, String], k:Int, layer:String):
Double ={
val temp_subgraph2: Graph[Any, String] = graph.subgraph(vpred = (v,d) => Oi.contains(v) && Oresult.contains(v),
epred = e => layer == e.attr)
var ouli:Double =0
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var temp:Double=0

var max1:Double =0

val Ei_oul = temp_subgraph2.numEdges

temp = 1/4 * (Oi.length”~2 + Oi.length) - Ei_oul - k
if (temp > 0) { max1 =temp }

else{max1=0}

ouli = (Ei_oul + max1) / (Ei_oul + k + max1)

ouli

}
def find_min_degGi(O:ListBuffer[\VertexId], Oinew:ListBuffer[VertexId], graph:Graph[Any, String], layer:String):

Double ={

val temp_subgraph2: Graph[Any, String] = graph.subgraph(vpred = (v,d) => Oinew.contains(v), epred = e => layer ==
e.attr)

/Ifind min degree

var min_degree = 999

var min_vertex: Vertexld =999

val degrees: VertexRDD[Int] = temp_subgraph2.degrees

if (O.length <=1)

{

min_degree =0
min_vertex = 0

else {
degrees.filter { case (vertex, deg) => min_degree >= deg }.collect()
.foreach { case (vertex, deg) => if ((min_degree >= deg) && O.contains(vertex)) {
min_degree = deg
min_vertex = vertex

}

}
}
min_degree

}
def find_nimax(min_degGi:Double, Oinew:ListBuffer[\VertexId], graph:Graph[Any, String], layer:String): Double ={
var nimax:Double =0
var templ:Double =0
var temp2:Double =0
templ = math.floor(min_degGi/0.5) + 1
temp2 = graph.subgraph(vpred = (v,d) => Oinew.contains(v), epred = e => layer == e.attr).numVertices
if ((templ > temp2)||(min_degGi == 0)) { nimax = temp2}
else { nimax =templ }
nimax

}
def prunel(C:node, layer:String): Unit = {
for (i <- C.cand(layer.toint - 1)) {
var num=20
for (check_layer <- C.So0) {
if (C.cand(check_layer.tolnt - 1).contains(i)) {
num+=1
}
}
if (num < S_threshold)
{
for (rem_layer <- C.S0) {
if (C.cand(rem_layer.tolnt - 1).contains(i)) {
C.cand(rem_layer.tolnt - 1) -=i
}
}
}
}

def prune2(O:ListBuffer[\ertexld], layer:String, OcandO:ListBuffer[\VertexId], graph:Graph[Any, String]): Boolean = {
var toprune = false
val prunedegrees: VertexRDD[Int] = graph.subgraph(vpred = (v, d) => OcandO.contains(v), epred = e => layer ==
e.attr).degrees
prunedegrees.filter { case (vertex, deg) => (deg < 4) && O.contains(vertex) }.collect()
.foreach { case (vertex, deg) => if ((deg < 4) && O.contains(vertex)) {
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printin(**Layer "'+ layer + ** from subtree ** + O + ** must be pruned because it contains vertex " + vertex +"
that has " + deg + " < 4™)
toprune = true
}
}

toprune

}

def prune_ceil(C:node, layer:String, OcandO:ListBuffer[\ertexId], graph:Graph[Any, String]): Boolean = {
var continue = false
val prunedegrees: VertexRDD[Int] = graph.subgraph(vpred = (v, d) => OcandO.contains(v), epred = e => layer ==
e.attr).degrees
prunedegrees.filter { case (vertex, deg) => deg < 4 }.collect()
.foreach { case (vertex, deg) => if (deg < 4) {
C.cand(layer.toInt - 1) -= vertex
continue = true
}
P
continue
}
}
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