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Abstract

The rapid change in technological innovation and end user expectation during the past decade resulted in
data being an important area for new research and development. In addition, evolvement of internet of
things, social graph and communication networks resulted in creation of large-scale real time, rapidly
changing datasets. This led to the creation of graph systems supporting various graph analytics to become
popular. Meanwhile, relational databases are used in storing and managing data including most advanced
systems where graph analytics was never explored on top of a relational schema-based system.

This led to the questions whether graph analytics can be done in a relational environment whilst it is still
being blindsided or does relational databases even have limitations to execute graph computations. The
relational model where data needs to be imagined in a tabular format rather than a graph format with edges
and nodes are inefficient in executing iterative graph analysis. Relational systems will end up creating
expensive joints in order to execute such computations. Structured Query Language (SQL) queries are
difficult in nature to express graph analysis,though we have downsided, relational systems that are
composed of great functionalities which includes fault tolerance, integrity constraints, secure transaction

and query optimization etc.

This thesis writeup reflects an integrated framework for graph analytics that comprise of three main
components. Firstly, a data model that is capable of executing graph computation within a relational
environment. Secondly, a query language which can be considered as a data log that helps to execute
graph specific computations. Finally, a bolt-on solution which comprise of the above two, that executes
sitting within a relational query engine and executes queries created from introduced data log language.
The tests performed are evident that bolt-on solution introduced achieved better performances in provided

scenarios.

Subject Descriptors

o Graph Theory - Graph Problems, Graph specific algorithms
e Logical Design — Models & Schema
e Languages — Data log & Query

Keywords

Bolt-on systems, Graph computation, Graph Algorithms and Iterative computation



GraphMk FRAMEWORK

Table of Contents

DIBCIATALION ...t b bbbt b bbb et b et i
AADSTFACT ...t b e ii
1 INEFOQUCTION ...t e ettt et b e nn e ar e 1
1.1 OVverview Of the Chapter .......cccciieiiece et 1
1.2 Motivation & Background CONEXL..........ceiiveiiiieiieii s 1
1.3 Identified ProbIEm SCOPE ........coiiiiieieies e 2
1.4 Details of Previous RESEAICH.........oouiiiiiiiiise s 4
1.5 Details on Aim Of the PrOJECT.......c.cooiiiiiiiiiiee s 5
1.6 Details on Purpose Of the PrOJECT.........cciiiiiiiiiiiece s 5
1.7  RequIremMents OF RESOUICES .........cuiiiiiirtirieitesiieiee ettt 7
1.8  Details 0n EXPECEd FEAIUIES ......c.eoiiiiiiiiiiiesiieieeee s 7
1.9  Summary Of the ChapIer ........ooiiiie s 8

2 LIEIAtUIE REVIBW. ..ottt bttt ab e n et be s 9
2.1 OVverview OF the Chapler .......ov i 31
2.2 Background on different Analytical SYStemS..........cccoeiveieiieiicie e 31
2.3 Graph Analytical Framework Performance Factors............cccccvvveveiiieie e 31
2.4 Techniques for Graph Analytical Systems ANalysSiS.........cccccoevvveiiiiieii e 32
2.4.1  Graph COMPULALION.........cviieiie e ae e 32
2.4.2  Relational ComMPULALION ........coiiieieie i 33
2.4.3  Hybrid COMPULALION .......cveiieieeieciesie et sreenee e 34

2.5  Graph System Approaches and REVIEW ...........ccciveieiieiveiie e eie e e ie e ee e 35
251  ReVIEW 0N VEIEX-CENTIIC ......cviviriiieisierieieies s 35
2.5.2  Review on Neighborhood-CeNtriC.........cocviierieieiieriee e 37

Nageswaran Keshan 189330G



GraphMk FRAMEWORK

2.6 Graph Analytical Algorithms and REVIEW ..........ccccviieiieiie i 39
2.6.1  Analysis 0N PAgERANK ........cceciiiiiiieiecie et 39
2.6.2  ANAlYSIS 0N CIUSTEIING ....cuviivieieeiecieesie et sre e 39
2.6.3  ANAIYSIS ON PALN ....ooiiiiicc s 40

2.7  Graph Databases and REVIEW..........cc.ciiiiiiiiiiiiiieeee et 41
2.7.1  Property graphs in Information model............ccooeiiiiiiiiiinee 41
2.7.2  THIPIE STOTES ..ot bbbttt b et 42

2.8  Relational Systems and REVIEW ..........ccoiiiiiiiiiiiiiieiee s 43

2.9  The Integrated Graph Analytical System's suitability............ccocooviiiiiiiniiiie 44

2.10 System ANalYSIS — ProS & CONS .......ccuoiuiiiiiiiiieieieiee et 46

211 Deep dive Of EXIStING SYSIEMS .......cciiiiiiiciicic et 47

2.12 Summary 0f the ChapLer...........coveii i s 49
DESIgN & ATCRITECIUIE ...ttt e s teeeesreesreeee s 51

3.1 Overview OF the Chapler .......ce o 47

3.2  GraphMk - High level design desCription ...........ccccviieiieic e 47
3.21  GraphMk Framework description on rich piCture ...........cccocvevevieieene e 47
3.2.2  GraphMk — Description on High Level Architecture ..........c.cccoveveeveiiciecviec, 48

3.3 Description on solution and design goalS............cueeriiirrinenesiseseeee s 49

3.4 Details on introduced integrated graph model ... 50
341 RElAtionNal COre ......oiieiiiiiiee e 50
3.4.2  GraphiCal VIBWS. .......oiuiiiiiiiiiee e bbb 51
3.4.3  Relational Mapper VIeWs fOr Graph...........ccooviiiiiiiiine i 52

3.5  Detail on introduced SQL fUNCLIONS........cccueiiiieiieie e 53
3.5.1  Selection of Design Methodology ........c.ccovririririiiieie e 53

3.6  GraphMk — Detail on Data flow diagram level 1...........cccccoovviiiiiiiiiii e 55



GraphMk FRAMEWORK

3.7  GraphMk — Details on Class DIagram ...........cccevverieiiieiieie e e esie e sie e see s esee e 56
3.8  GraphMk — Details on Sequence DIagram.........ccccvivveieerieiieeseeie e seesiesee e eee e 57
3.9 GraphMk — Details on Architecture refinement.............cccooevveveeie s 57
3.10 GraphMk — Details on dependencies & Packages.........cccvuvvevvereieeieeriesieeseese e 58
3.11 GraphMk — Details 0n ER DIagram .........ccccoiiiiiieiiiene it 58
3.12 Summary of the Chapter..........o i 58
4 IMPIEMENTATION ...ttt bbbt b e 60
4.1  Overview Of the ChapLer ... 59
4.2  Graphmk selection of TEChNOIOGY ......ccoooiiiiiiiiiiiie e 59
4.2.1  Selection of Operating SYSIEM .........coiiiiiiiiieieie e 59
4.2.2  Programming Language SEleCtiON.........ccceiveiieiicic e 59
4.2.3  Selection of an IDE and a development environment ...........ccccocceveeveicieieeseennn, 60
4.2.4  Selection Of STOrage SYSIEM ......ccveiiiiiiieie e 60
4.3 Description on implementation of GraphMK ...........c.ccceiiiiiiii i 60
4.3.1  GUIIMPIEMENTALION .......ocviiiiiieie et 61
4.3.2  Query processor implementation ..........cccoeiieiicieiee e 64
4.3.3  Query Parser implementation .............ccccceeieiieii e 66
4.3.4  Implementation of QUery OPtIMIZEr.........ccuviiiiiiiiiieies e 67
4.3.5 Details on different graph executors of graphmk ..o 68
4.3.6 Details on Plan Executor implementation............ccccooeiiiininineieiese e 70
4.3.7  Summary on process involved in GraphmK..........ccoooeiiiiiininieee e 71
4.4 SUMMAry Of the ChaPTEr ......c.oiiiiiiie e 72
ST XS [ 1o TSSO PP PP PRSP 73
51  Overview 0f the Chapter ... s 73

5.2 Purpose of testing Within GraphMK ............ccooiiiiiiiiii e 73



GraphMk FRAMEWORK

5.3  Criteria for testing Within GraphMK............cccoiiiiiiiiiic s 73
5.3.1  Graphmk functional assessment and software quality.............cccccevvverriinricreennn, 73
5.3.2  Graphmk structure assessment and quality...........cccccvevviieiiieie s 74

5.4  Testing stages Within GraphMK ...........cccooveiiiiiiiicie e 74
541  GrapMK TESTING ...cuviiitiiiiiiie e 74
542  GraphMK INtEGratioN.........cooiiiiieieieieere e 74

5.5 Description on environment t0 CONAUCE tEST..........ccueieiieiiiiiiiirereee e 74
551  Hardware INTOrmation.........ccooiuiiiiiieieieesee e 74
552  Software INFOrMation ..........cccoieiiiiiieiee e 74

5.6  Testing functionalities Within GraphMK ............ccooiiiiiiin 75
5.6.1  Functional testing Method...........ccoiieiiiiiii e 75

5.7  Integration testing perspectives for GraphMK.............cccccveviiieiieie s 76

5.8  Testing non-functionalities within GraphMK..............ccccoveiiiiiiicic e, 77
5.8.1 RMV ENGine evaluation ............cccooiviiiiiiiiic e 77

5.9 Details on testing HMItation ...........ccccoeiiiiiiiii i 84

5.10 Summary 0f the ChapLer...........coviii i 84
EVAIUALION ...ttt 85

6.1  Overview Of the Chapter ... s 85

6.2  GraphMk project criteria for EValUALION .............ccooiiiiiieiiieicieeeee s 85

6.3  GraphMk — Evaluator SEleCTION PrOCESS. ........coiiiiiiieieiesie st 86

6.4  GraphMk — Details on methodology for Evaluation............c.cccoviiniinnicncie 87

6.5 GraphMk — Details on evaluation questionnaire and format .............ccocceveriienenienene. 87

6.6  GraphMk — Details on findings from SUMNVEY .........ccoeieieieniiiieseeeeee s 88
6.6.1  OPINIONS ON CONCEPL....c.viiiiiiiiiieiieiieie ettt bbb 88

6.6.2  OPINIONS ON SCOPE ...ecuviiiieetie it et e sttt ste e sttt e s e et e e s e et e e st eabeesaeeabeesteeansaesneeanes 89



GraphMk FRAMEWORK

6.7  GraphMk — Details on Self-aSSESSMENT ........c.ccoveiieieiie e 90
6.7.1  Implementation of functional requirement and Status.............cccccevvvereniieseereennn 90
6.7.2  Details 0N ChallENQES .........covviieiceee e 91

6.8  Summary 0f the ChapLer ..........ccoeiieie e 91

T CONCIUSTON ..t bbb bbbt bt bt et e e e b e nb et e bt nne b 93

7.1 Overview 0Of the Chapter ... s 92

7.2 Details on Purpose & AIM aChiBVEM ... 92
%250 S N 1o OSSPSR 92
T.2.2 PUIPOSES ...ttt bbbttt b bbb 92

7.3 Application of Knowledge from course modules ..o 94

7.4  Enhanced EXIStiNG SKillS...........cooiiiiiie i 95

7.5  EXPEriences from PrOJECT .......coiiiiiee et 96

7.6 Details on Challenges eNCOUNEIEd ...........ecvviiieieeiieiie e 96
7.6.1  SCOPE DEFINITION ....ooiiciicie e 96
7.6.2  Availability of Academic Publications ............ccccovvevieieiiciiccc e 97
7.6.3  Support materials to learn key concepts and technologies ...........ccccccvvvevicviecnnenn 97
7.6.4  Constraints related t0 tIME .........cooiiiiiiiiee s 97

7.7  Details on Limitations from the reSearch ............cooeeeieieneniiisineecee s 98
7.7.1  Restrictions on a graph analytical system's main success factor ...............c.cccceuee. 98

7.8  Possible Future work for GraphMK............coocoiiiiiiii s 98

7.9  Contributions from GraphMK..........cccooiiiiiiiiiii s 99

7.10 ClOSING COMIMENTS ...ttt bbb 100

RETEIENICES ...ttt b bbbt b e h et bbb bRttt b ettt e e e [
8 APPENAIXES ...ttt et bbb Rttt b b bbbt %

ST R B 1= Ty [ | I AN o] 1< g Lo PR v



GraphMk FRAMEWORK

8.1.1  Data flow repreSeNntation ...........cccueiviiieiieiieie e ese e e se e e e e Y,
8.1.2  Package DIAgram ........cccccceiieiiiiieseeste et e et sttt vii
ST T I - To | -1 o SR vii
8.2  Implementation APPENAIX.......c.coiiiieiieieiieie e se e e e e sreenee e viii
8.2.1  Benchmarking GraphMK ..........cccoiiiiiiiiiiiiee e viii

Nageswaran Keshan 189330G



