HYPERGRAPHS AS A CONCEPTUAL MODEL
FOR MEDIATING TRANSLATIONS BETWEEN
DATA MODELS

ARUNA BANSAL

AMAR NATH & SHASHI KHOSLA SCHOOL OF INFORMATION
TECHNOLOGY
INDIAN INSTITUTE OF TECHNOLOGY DELHI
MARCH 2023



© Indian Institute of Technology Delhi - 2023
All rights reserved.



HYPERGRAPHS AS A CONCEPTUAL MODEL
FOR MEDIATING TRANSLATIONS BETWEEN
DATA MODELS

by

ARUNA BANSAL

Amar Nath & Shashi Khosla School of Information Technology

Submitted

in fulfillment of the requirements of the degree of

Doctor of Philosophy

to the

Indian Institute of Technology Delhi
March 2023



DEDICATED TO
My family.

Thank you for your eternal support.



Certificate

This is to certify that the thesis tiled HYPERGRAPHS AS A CONCEPTUAL MODEL
FOR MEDIATING TRANSLATIONS BETWEEN DATA MODELS being submitted by
Ms. ARUNA BANSAL for the award of Doctor of Philosophy in Information Technology is
a record of bona fide work carried out by her under my guidance and supervision at the Amar
Nath and Shashi Khosla School of Information Technology, Indian Institute of Technology
Delhi. The thesis has reached the standard fulfilling the requirements of the regulations related
to the degree. The work presented in this thesis has not been submitted elsewhere, either in part

or full, for the award of any other degree or diploma.

Kolin Paul

Professor

Dept. of Computer Science and Engg. and

Head of AN & SK School of Information Technology
Indian Institute of Technology Delhi

New Delhi- 110016



Acknowledgements

The research experience at IIT Delhi for this degree has been an enlightening, enriching, in-
sightful, frustrating, and painful experience. I am indebted to several people who contributed
directly or indirectly on my way to realizing this thesis. I take this opportunity to thank as many
of them as I can. Although I might have missed many names, I remain grateful for every piece

of advice, every word of encouragement, and every blessing that has kept me going.

First of all, I am very thankful to God for letting me through all the difficulties and giving me
the ability and strength to do my research and finish it. I would not have dreamt of embarking

on this journey without his blessings.

I wish to express my deepest gratitude to my advisor, Prof. Sanjiva Prasad, for his invaluable
guidance, fruitful discussion, and support during this research. I also thank him for his constant
feedback on my presentations, which has helped me refine the skills necessary to present my
research work. His criticism and thought-provoking review motivated me towards continuous
improvement. I also acknowledge him for all the travel-related support, thanks to which I could

attend various conferences & workshops and present my research papers.

I would like to express my great appreciation to my research committee members, Profs. Kolin
Paul, Srikanta Bedathur, and Niladri Chatterjee, for their insightful comments, excellent

suggestions, and feedback on my work. A special thanks go to Prof. Kolin Paul, who stepped

iii



in as my caretaker supervisor, and Prof. Srikanta Bedathur for giving his expert and constructive
feedback on my work and thesis to give it more value. I would like to express my deep gratitude
to Prof. Niladri Chatterjee for constantly encouraging and morally supporting me when I was in
the worst time of my Ph.D. journey and for guiding me with the right administrative decisions.
His words of encouragement helped me maintain the required levels of motivation and enabled
me to overcome disappointing phases. I am also thankful to Prof. Sorav Bansal and Dr. B.
Chandra for their helpful suggestions during the initial phase of the research. I am immensely
thankful to the Dean of Academics, Prof. Narayanan D. Karur, for supporting me with the

various administrative tasks required to submit my thesis.

Thanks to the financial assistance I was given, which made my Ph.D. journey relaxed. I ac-
knowledge the financial support given by IIT Delhi, especially the former Dean, Prof. Shan-
tanu Chaudhary, and the former Associate Dean of Students’ Welfare, Prof. Anjalee Mul-
tani, for approving me for the institute fellowship, and Prof. Prem Kalra for providing me

with the project assistantship for a short duration.

I am grateful to my thesis examiners and anonymous conference reviewers (who reviewed my
research papers) for providing detailed comments and suggestions that helped me add more

value to my thesis and finalize it more interestingly.

I acknowledge the help provided by the IIT administrative and technical staff for their often
underappreciated efforts. Last but not least, I would like to thank the lab staff, Manju Chopra
and Vandana Ahluwalia, for all the lab-related technicalities, and the administrative staff at
the Department of Computer Science and School of Information Technology, especially Ra-
jesh Kumar and Suresh, for their continuous support and for facilitating various administrative

matters.

I am immensely blessed to have had a wonderful and great set of friends at II'T Delhi with whom
I shared my joys and sorrows during the learning years of my life. My earnest gratitude to my
friends Himanshu Gandhi, Dr. Geeta Yadav, and Dr. Madhulika Mohanty, who acted as my

informal co-guides during my research publication & thesis writing phases, for their motivation



and professional guidance and for proofreading my manuscripts and providing feedback. I am
also grateful to my friends Pratibha Jagnere, Dr. Dipanjan Chakarvarty, Dr. Piyas Kedia, Vijay
Kumar, Priyanka Chouhan, Dr. Chandrika Bhardwaj, Dr. Shubhani Gupta, Aarushi Ranjan, and
Dr. Brity Baby for their companionship. The never-forgetful time spent with my friends for
the never-ending discussions, presentation rehearsals, manuscript reviews, experience-sharing
sessions, and wonderful lab environment kept me motivated and reinvigorated throughout the
journey. Our professional and personal discussions and numerous cups of tea throughout these

years provided great companionship and helped maintain the required energy and enthusiasm.

My daughter Tiya was in the early phase of her schooling, and my son Pulkit was born while I
was pursuing my Ph.D. It was very challenging for me to deal with. I pursued both the mother-
hood and Ph.D. journeys together. I could handle both things because of my strong pillar, my
husband, Atul Bansal. I am blessed with his love, efforts, faith in me, and support throughout
the journey, which enabled me to overcome all the ups and downs of the research. He has al-
ways encouraged me to keep dreaming and setting high goals and has helped me in every way
possible throughout this time. Additionally, I am ever grateful to the other pillars of my suc-
cess, my in-laws Satvir Singh Bansal and Nirmala Devi, for sustaining my dream by supporting
my decision to do a Ph.D. and for their constant, valuable encouragement and understanding
through the journey. A special thanks to my mother-in-law for helping and encouraging me
during the difficult time of my Ph.D. and helping me when I have to attend conferences. I am
thankful to them for never imposing family responsibilities and understanding when I could not

attend a family function or do household chores on time.

I express my gratitude to my parents, Kishan Chand Gupta (who left the world with a dream
of seeing my name with “Dr.”) and Laxmi Gupta, for their love, confidence, and support. They
have been extremely supportive of all my endeavors from a very young age, and I am grateful
to them for all the warmth. I would also like to thank my siblings for their unconditional love

and trust in me, which helped me finish this thesis.

This thesis is a result of not only my hard work but also God’s blessings, my father’s ambition,

my mother’s encouragement, my husband’s dedication, faith, love, and care, my parent-in-laws’



dreams, support, and immense patience, and my kids’ joyful presence. Therefore, I would like

to dedicate this thesis to my family, including all of them.

Aruna Bansal



Abstract

Hypergraphs are rich candidate structures that provide a natural mathematical way to repre-
sent the richness of diversified data and complex relationships in hierarchical, relational, nav-
igational, and semi-structured settings, e.g., bibliographic paper submissions, mHealth, and
social media applications. The representation and modeling of information in terms of en-
tities and relationships are challenging in hypergraphs. Further, representing and formulating
queries on such hypergraphs, and obtaining results for those queries are other challenges. Some
hypergraph-oriented representations and data models are mentioned in the literature, but they
do not pay enough attention to entities and relationships. Additionally, the existing approaches

work with low-level models and do not unify the essence of other data models.

In this thesis, a Hypergraph Data Model (or HgDM) proposes a notion of schematically well-
formed typed nested hypergraphs that integrates the benefits of various data models for rep-
resenting data, metadata, and complex relationships. The HgDM is formally presented as a
high-level hypergraph data model that can be directly represented in object-oriented frame-

works. The queries are considered diagrams of ideas, and objects in a database are matched to
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the diagrams.

Hypergraphs have a trivial embedding from other data models, such as hyperedges can di-
rectly represent relations of a relational model, edges of graphs and tree structures, and ob-
jects of object-oriented databases. However, generalizing hypergraphs in other data models
and vice versa in a lossless way is another challenge for which the thesis proposes a solution
by presenting translation patterns. The thesis proposes Hypergraph Mediator (or HgMed) for
hypergraph-based mediation to other data models. The HgMed presents a notion of simulation
relations between schematic diagrams of different data models modulo path morphisms. On the
basis of this, the correctness of representations and translations between schema and schematic
queries can be determined. In order to preserve structural properties that may be otherwise lost

in a translation, we use annotations that help compensate for the lossiness of translations.

Furthermore, hypergraph-oriented applications and databases may operate in distributed envi-
ronments with a requirement for availability while coping with high network latencies. Replica-
tion is the commonly used approach to achieving a high degree of availability, facilitating local
query processing. However, replication requires expensive (often infeasible) concurrency con-
trol to ensure consistency. Moreover, administrative and security policies may prohibit certain
parts of the database from being fully replicated at certain sites. The thesis proposes a solution
to fully or partially replicate hypergraphs across multiple replicas as a data type in conformance
with certain distribution policies while ensuring data availability, network latency, and a weak
notion of consistency. In this direction, the thesis presents Hypergraphs as Conflict-free Repli-
cated Data Type (or HgCRDT), and Hypergraphs as Conflict-free Partially Replicated Data

Type (or HGCPRDT) that ensure strong eventual consistency.
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Apart from these works, the thesis proposes and presents HgQL that semantically and syn-
tactically integrates the richness of hypergraphs in GraphQL (a query language used for APIs).
Traditional GraphQL supports graphs and hierarchical structures. The thesis enhances the func-
tionality of GraphQL by embracing the richness of hypergraphs so that GraphQL can be em-

ployed with hypergraph-oriented databases.

Additionally, the thesis presents details of a prototype implementation system (named Hyper-

graph Queriable system or HQ) that demonstrates the applicability of the above approaches.

In brief, the thesis aims at presenting hypergraphs as a unifying conceptual data model within
which different data models (i.e., hierarchical, graph, and relational data models) can be ex-
pressed, keeping most of their strengths while avoiding most of their shortcomings. The thesis
also aims at leveraging this conceptual hypergraph data model to generalize other data models
by mediating to and from hypergraphs in a lossless way. The thesis represents hypergraphs as
a data type to update information among multiple replicas of a distributed domain. Therefore,
the thesis proposes and presents HgDM for hypergraph-based representation and modeling;
HgMed for hypergraph-based mediation to other data models; HGCRDT and HgCPRDT for
updating hypergraphical information in distributed settings; HgQL for integrating schematic
hypergraphs into GraphQL; and HQ, a prototype system that implements our proposed ap-

proaches.
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DTD entity

XML element

XML attribute

Hypergraph entity

Hypergraph relationship

Hypergraph
Hypergraph Vertex

Hyperedge

Hypergraph element

A mechanism to define replacement values..

A container holding other elements, text, attributes,
and/or media objects..

A property of an XML element..

A real-time entity having its own existence and is inde-
pendent on a relationship..

A complex entity, a role, or a structured relationship link-
ing other simple or complex entities that are required to
build the relationships.

A collection of a set of hyperedges, and a set of vertices.
A representation of a real-time entity or a simple entity.
A representation of a complex entity, a role, or a rela-
tionship. A hyperedge consists of a set of intrinsic and
extrinsic attributes.

A hypergraph vertex or a hyperedge.
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Hypergraph atom An abstract name used for a vertex or a hyperedge.
Schema types in a hypergraph A schema defined for a type having a unique schema type

name, and a set of attributes.

Vertex type A unique type that classifies vertex instances.

Vertex schema type A schema definition used to describe a unique vertex
type.

Hyperedge type A unique type that classifies hyperedge instances.

Hyperedge schema type A schema definition used to describe a unique hyper-

edge type. It constitutes a set of intrinsic and extrinsic
attributes.

Scalar Type Data types supported by a programming/database lan-
guages. We use String, Int, Float, Boolean, Char, Long,
and Short as the scalar types.

Attributes in hypergraph Fields or attributes (consisting of a name and a type) that
helps in defining a vertex/hyperedge..

Internal attributes The attributes that help to define a relationship. These
attributes are of either scalar types or nested structure
types.

External attributes The attributes that define the properties that are required
for a relationship or based on which or using which the
relationship is built. Each extrinsic attribute points to one
or more hypergraph elements of the same type.

Vertex instance A vertex object that carries data.
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Hyperedge instance A hyperedge object that has values for its intrinsic at-
tributes and referential-links for its extrinsic attributes.

RDF Triple A logical statement of a relationship, in which, each pred-
icate defines a relationship of a subject to an object.

Tree A restricted form of a graph, are well-suited for describ-

ing parent-child relationships.

Schema A template used to capture information from the user.

Entity-Relationship model A model that naturally describes entities and complex re-
lationships.

Relational algebra A family of algebras with a well-founded semantics used

for modeling and querying the records stored in relational

tables.
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CvRDTs
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HQ
HgDM
HgCRDT
HgCPRDT

HQ
HgMed
GraphQL
GDB
REST

Application Programming Interface.

Conflict-free Replicated Data Types.

Commutative Replicated Data Types.

Convergent Replicated Data Types.

Data model.

Hypergraph Queriable system.

Hypergraph Data Model.

Hypergraphs as Conflict-free Replicated Data Types.
Hypergraph as Conflict-free Partially Replicated Data
Types.

Hypergraph system.

Hypergraph-based Mediations.

Graph Query Language.

Graph Database.

Representational State Transfer.
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Acronyms

JSON
URI
URL
XML
XPath
DTD
FOL
DAG
UML
p2p

Groovy

SQL
XQuery

JavaScript Object Notation.
Uniform Resource Identifiers.
Uniform Resource Locator.
eXtensible Markup Language.
XML Path.

Document Type Definition.
First-Order Logic.

Directed Acyclic Graph.
Unified Modeling Language.
Peer-to-Peer model.
Graphically Represented Object-Oriented data model
with Values.

Structured Query Language.

XML Query Language.



Symbols

VA
HA
VR
HR

EDGES(Gy)

Hypergraph Database Model.
Hypergraph Schema.

Hypergraph Instances.

Hypergraph Assignment functions.

A set of vertex schemas.

A set of hyperedge schemas.

A set of vertex instances.

A set of hyperedge instances.

A function that builds a vertex instance.
A function that builds a hyperedge instance.
A payload set for added vertices.

A payload set for added hyperedges.

A payload set for removed vertices.

A payload set for removed hyperedges.

An edge set in Gg.
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Symbols

x,~—>xj

A: TYPES— OTN
trace(p)

TRACES (Gy)

Gs1 = Gs2

hLT

he(mutable atom set U)
OTN

FN

TYPES
CONS

o(xy,...

v
S

7xn)

Hyperedges
Attributes
References
Constraints
Vertex
Scalar

SubTypes

An edge stating that (f,x;) is an attribute field in object
type x;.

A labelling function that maps names of object types.
A trace of a path p.

A set of all traces of hypergraph schema Gyg.

Gy simulates Gg».

Object subtyping.

A hyperedge with a set of mutable atoms.

A set of names intended to denote objects.

A set of names intended to denote the names of fields
within object types.

A set over OTN and FN.

A set of constraints.

An expression used for a hypergraph query.

A query expression in HgQL.

A hypergraph schema in HgQL.

A set of hypergraph types in HgQL.

A set of scalar type attribute names in HgQL.

A set or referential type attribute names in HgQL.

A set of constraints in HgQL.

A set of vertex types in HgQL.

A set of scalar types in HZQL.

A set of sub-structure types in HgQL.
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Vals
List
UList
Set
MultiSet
Non—-Null
attributess
re ferencess
constraints
rypess

re ferenceTypess
values

rootFieldss

A set of scalar values.

A list type in HgQL.

A list type without duplicates in HgQL.

A set type in HgQL.

A bag type in HgQL.

Hypergraph Schema.

A function that assigns a set of scalar type fields.
A function that assigns a set of reference type fields.
A function that assigns a set of constraints.

A function that assigns scalar types.

A function that assigns reference types.

A function that assigns values.

A function that assigns fields in root.





