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Let’s begin with Graphical Representations of
data...for data management and processing

* Early 1970’s: The Network Model, CODASYL (COnference on DAta
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Object-oriented modeling

 Mid-1990s: Advent of Object-oriented design methodologies

* Unified Modeling Language User Guide, Addison-Wesley 2005,
ISBN 0321267974

* Rich variety of relationships, including inheritance, part-of, etc.

this class

this class is associated with
this class 1s dependent upon - - - —} this class
this class inherits from ——> this class
this class has ———( ) this interface
this class is a realisation of - - - [‘;:- this class
you can navigate from this class to % this class
these classes compose without belonging to —{C} this class

these classes compose and are contained by —* this class

this object sends a synchronous message to —h this object

this object sends an asynchronous message to ———p this object



Fast Forward 30 years...to Now!

* Huge amounts of open, unstructured data on the P = P
Web (and structured data in the “Deep Web”) { Fr;‘f;a"t Yo QIOC/
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* Computational power
* Big data — BigQuery, BigTable
* Graph databases



Semantic Web,
Linked Open Data

* Semantic Web: Web data +
Ontologies + Reasoning using the
Web Ontology Language (OWL) (web
of data, 2018)

* Linked Open Data: Web-based
structured data, interlinked with
other data so it becomes more
useful through semantic queries,
using RDF etc.

Semantic Web

Reasoning

Rules

Web of Data
(Prolog, RIF, SWRL,

Linked Data etc.)

(HTTP URIs, RDF/XML, RDFa)
Ontologies
(DL, KIF, efc.)
Vocabularies microformats+GRDDL
(FOAF, SIOC, etc.) \___/

Follows the
architectural

basis of the Web Open Data

Follows Open Data
principles

Data on the Web

ollows Open Data and

Follows Linked Data principles

Linked Data
principles

Linked Data \ Linked Open Daty



Emerging services: E.g., data.world for

structured data

Can your data catalog do this?

All your knowledge Bornin the cloud

dataworld gives you complete context, so you actually understand the ‘We've been cloud-native from day one. Our multi-tenant offerings are

data, whether it's in the cloud or on-prem. This includes metadata, highly available, scale bigger, perform better, and evolve faster. And as a

SaaS company, we provide open and transparent pricing.

dashboards, analysis, code, docs, project management, and social

collaboration features.

4

Agile innovation Powered by a knowledge graph

dataworld is the only enterprise data catalog with a continuous release data.world automatically builds a connected web of data and insights so

cyele. That means our platform is always getting better, and your data you can explore the relationships within. Get recommendations on
toals are never out of date. To access the latest features and capabilities, related assets to enrich your analysis. The more you use dataworld’s

just refresh vour browser. patented knowled :raph technology, the smarter vou and your data

—
4

Real-time integration

One-of-a-kind expertise

Deploy faster and extend your capabilities farther with dataworld’s dataworld built the world's largest open data community. Imagine what

growing array of one-click, pre-built integrations, connectors, and APls. we've learned from hundreds of thousands of users, datasets, and
interactions. This deep and unrivaled knowledge informs everything we

do for enterprises, too.

e
.

v

Product ~ Pricing Roles ~ Resources v

dataworld

Company

SOLUTION

Knowledge Graph

How do you make data more useful?

How Linked Data Creates Data Cultures

Prepare for a new understanding of what's possible. Linked Data changes everything.

v




Knowledge

a. Wikipedia (and Webster) definitions of “knowledge”

* A familiarity, awareness, or understanding of someone or something, such as facts, skills, or
objects. ... knowledge can be acquired in many different ways and from many sources ... perception,
reason, memory, testimony, scientific inquiry, education, and practice.

b. Scientific Knowledge

* To be termed scientific, a method of inquiry must be based on gathering observable and
measurable evidence subject to specific principles of reasoning and experimentation. The scientific
method consists of the collection of data through observation and experimentation, and the
formulation and testing of hypotheses.

c. (Scientific) Knowledge must be “usefully available”

* The system should apparently be dynamic and self-organizing (unlike a mere book on its own).

* The knowledge must constitute some sort of representation of "the outside world", or ways of
dealing with it (directly or indirectly).

* Some way must exist for the system to access this information quickly enough for it to be useful.



What is the “knowledge” in Knowledge
Graphs?

* Focus (for now...) is not on knowledge in the epistemological sense—
i.e., what do we know? And, representing what we know.

* Instead, on a data-driven approach. Represent the data | have—about
“entities” (in the real world) and their relationship to other entities

* This graph of entities and their relationships is the start of the
knowledge graph



Towards a Definition of Knowledge Graphs

e Lisa Ehrlinger and Wolfram, Poster, Semantics 2016, September 2016,
Leipzig, https://2016.semantics.cc/posters-and-demos-madness.

Definition Source

“A knowledge graph (i) mainly describes real world entities and their interrelations, organized Paulheim [16]
in a graph, (ii) defines possible classes and relations of entities in a schema, (iii) allows for

pot— - " ] — — ' ]
dor

S : Knowledge-based system
reld _ Source 1 —

Tl
o Source 2 Knowledge base

__» le.g., ontology)

A knowledge graph acquires and integrates infor-
Reasoning mation into an ontology and applies a reasoner | —
engine to derive new knowledge.

to b
rels ' '
Y
trig
subject s € [V B, a predicate p € U, and an object U U B U L. An RDF term is either a
URI uw € U, a blank node b £ B, or a literal [ € L.”

“[...] systems exist, [...], which use a variety of techniques to extract new knowledge, in the Pujara et al. [17]
form of facts, from the web. These facts are interrelated, and hence, recently this extracted
knowledge has been referred to as a knowledge graph.”

Figure 1: Architecture of a knowledge graph

Table 1: Selected definitions of knowledge graph


https://2016.semantics.cc/posters-and-demos-madness

Ontologies...

information science

knowledge
computer science e 2

@

bR o subject of
representation
set of concepts of domain
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contains Couiaing description of
ooncepts maki ,
tair use of
- m Content

relationships reasoning

@ @

In computer science and information science, an ontology
formally represents knowledge as a set of concepts within a
domain, and the relationships between pairs of concepts. It can be
used to model a domain and support reasoning about concepts.
Source: hrl jen wipeda orgwiks! Omtology_(nformation_science)

From natural language to a formal logic system
--The Resource Description Framework (RDF) triple
model: A set of three entities codifying a statement
in the form subject—predicate—object expressions,
e.g., "Bob is 35", or "Bob knows John")

* Where do Ontologies come from? for the next22 week. The dcke o Predrnisone was startec 3105 mg per kg /
Designing versus deriving ontologies cmmeacebsvwis )~

Ontology Rigor,
alidity,
S‘t’rlc!n'eyss

Design
Methods
Structures

Governance

Context

has
Publication

Granularity

Domain

Reasoning

Mycophenolate sodium was adminjstered infombination with a reduced dose
of ‘omcosterond: (CS) administered as prgdnisone or prednisone equivalent
(PQEU‘ Mycopher olate sodium was administered in divided doses at a daily

dose of 1440 mg durmg the frst 2 weeks of the study and then at 2160 mg danly
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Where do the entities come from? Structured
and Unstructured data...

AL -G
* No pre-defined data model

lllllllllllll

e Structured databases
* Corporate data, many scientific databases

lllllllllllllll
aaaaaaaaaa

* \Vast majority of data on the web and in

science domains are unstructured
* Images, text, video, signals (waveforms)

* Representation using the RDF model

._.-" ..-"‘-\. 1 .-'-.---
(" subject Predicate - Object H"".
.'-.___-_- --.__.-'. l."\.\__-\-\-

Prof. Chaudhri Teaches KnowledgeGraphs



RDF schema: Schema.org e, e

¥ Thing -

» Action +
Welcome to Schema.org > CreativeWork +

» Event +
Schema.org is a collaborative, community activity with a mission tolcreate, maintain, and promote schemas forl » Intangible +
> MedicalEntity +

» Organization +
Schema.org vocabulary can be used with many different encodings, including RDFa, Microdata and JSON-LD. These » Person +
vocabularies cover entities, relationships between entities and actions_and can easily be extended through a well- » Place +
documented extension mod . to markup their web pages and email messa » Product +

Wns from Google, Microsoft, Pinterest, Yandex and others already use
nsible experiences. DataTypes:

Founded by Google, Microsoft, Yahoo and Yandex, Schema.org vocabularies are developed by an open community Sloseihacarchy Ry Operlh SEichy]

process, using the public-schemaorg@w3.org mailing list and through GitHub.

¥ DataType -
» Boolean +
A shared vocabulary makes it easier for webmasters and developers to decide on a schema and get the maximum * Date
benefit for their efforts. It is in this spirit that the founders, together with the larger community have come together - * DateTime
to provide a shared collection of schemas. » Number +
P Text +
We invite you to get started! * Time

View our blog at blog.schema.org or see release history for version 12.0.

SpecialAnnouncement
A Schema.org Type

This term is proposed for full integration into Schema.org, pé
Thing > CreativeWork > SpecialAnnouncement




I o J_lA_l\Al_lA

eacting to COVID-19 .-

schema blog

Official blog for schema.org

MONDAY, MARCH 16, 2020

Schema for Coronavirus special a
Testing Facilities and more

The COVID-19 pandemic is causing a large number of
changes in schedules and other aspects of everyday lif
rescheduling of events but also new availability of med

We have today published Schema.org 7.0, which inclul
global response to the Coronavirus outbreak.

It includes a "SpecialAnnouncement” type that provides
well as markup to associate the announcement with a :
and to indicate URLSs for various kinds of update such :
quarantine guidelines, travel bans, and information abc

Many new testing facilities are being rapidly establishe
now has a CovidTestingFacility type to represent these
established medical facilities or temporary adaptations

We are also making improvements to other areas of St
to working online and working from home, for example
event has moved from having a physical location to bel
whether the event's "eventAttendanceMode" is online, ¢

2020-03-17

Version 7.0. See planning pages.

Vocabulary

The basic content of SpecialAnnouncement is similar to that of an RSS or Atom feed. For publishers without such feeds, basic feed-li
shared by posting SpecialAnnouncement updates in a page, e.g. using JSON-LD. For sites with Atom/RSS functionality, you can poil
webFeed property. This can be a simple URL, or an inline DataFeed object, with encodingFormat providing media type information etemoved several largely un-used medical health properties whase
"application/rss+xml" or "application/atom-+xml".

Property

Expected Type

Properties from SpecialAnnouncement

announcementLocation

category

datePosted

diseasePreventionInfo

diseaseSpreadsStatistics

gettingTestedInfo

governmentBenefitsInfo
newsUpdatesAndGuidelines
publicTransportClosuresInfo

quarantineGuidelines

schoolClosuresInfo

travelBans

webFeed

CivicStructure or
LocalBusiness

PhysicalActivityCategory
or

Text or
Thing or
URL

Date or
DateTime
URL or
WebContent
Dataset or
Observation or
URL or
WebContent
URL or
WebContent

GovernmentService

URL or
WebContent

URL or
WebContent

URL or
WebContent

URL or
WebContent

URL or
WebContent

DataFeed or
URL

ippropriately general: action, background, cause, cost, function,

in, outcome, overview, phase, population, purpose, source, subtype.
o not remove terms casually, but in the current case the usability

if keeping them in the system cutweighed the benefits of retaining
agged as archived/superseded.

Indicates a specific GivicStructure or LocalBusiness associated wntreduced a VirtualLocation type, to support description of Events
SpecialAnnouncement. For example, a specific testing facility or £'* ‘”r"'”‘:' Ad dte“ e‘l’_e”t'“t:r‘f_”da“ce”"f’e t:f"" “Z"d“;e current
opening hours. For a larger geographic region like a quarantine o?® 2" event (online, offline or a mix). Also added a new

slue for eventStatus for Event: EventMovedOnline.

use spatialCoverage.

A category for the item. Greater signs or slashes can be usedto i
category hierarchy.

Description

j section:

\dded (fast track) a SpecialAnncuncement type with several
supporting decumentation, as a contribution to the global response

9 Coronavirus pandemic. We expect to iterate on this design after
and publisher feedback.

\dded properties to EducationalOccupationalProgram to support cases
clear the distinction between classroom-based and work-based

Publication date of an online listing.

Information about disease prevention. )
\dded petsAllowed for use with ApartmentComplex, and petsAllowed,

» and floorSize to FloorPlan. Created new properties for
Statistical information about the spread of a disease, either a5 Weams and a new tourBeokingPage.
described directly as a Dataset, or the specific Observations in thidded drat type MediaReview, and associated
WebContent URL is provided, the page indicated might also contiionratingEnumeration with twe example values AuthenticContent
markup. text. Note that this is Editorial work in progress and not a complete

Information about getting tested (for a MedicalCondition), .g. in t° Niemantab background article on this work.)
pandgmic \dded usagelnfo, and acquireLicensePage to CreativeWork.

governmentBenefitsinfo provides information about government £
with a SpecialAnnouncement.
redirect to https for http requests.

Indic_atss apage with nSWS updates_a_nd guide_linas. This could OILn‘||plementlen:l in sdopythonapp submadule Issue #6: Enhancements
reqmred to IJB:I the main page contalmng SpemaIAnnouncemem rr‘i:,, providing appropriate responses to HTTP OPTIONS request.

Information about public transport closures.

Guidelines about quarantine rules, e.g. in the context of a panden
Information about school closures.
Information about travel bans, e.g. in the context of a pandemic.

The URL for a feed, e.g. associated with a podcast series, blog, o
stamped updates. This is usually RSS or Atom.




SPARQL: Query language for RDF

* Asimple query example using the
FOAF, Friends Of A Friend, ontology
definition.

* Returns names and emails of every
person in the dataset

* An example query showing country
capitals in Africa (using a fictional
ontology)

PREFIX foaf:
SELECT 7name

7email
WHERE

{

fperson a foaf:Person .

Yperson foaf:name 7Yname .
?person foaf:mbox 7Zemail .

}

PREFIX ex:
SELECT ?capital ?Zcountry
WHERE {
77X ex:cityname ?capital ;
ex:isCapitalof ?y .
7y ex:countryname ?Ycountry ;
ex:isInContinent ex:Africa .



Why Knowledge Graphs? The use cases

e Searching the Web — Google, Bing, Maps
* Product information for online shopping

— Amazon, ...all retailers

 Smart Assistants — Siri, Cortana, Echo, ...

* |[n science applications:

 Search, discovery, data exploration
* Finding connections (“integrating”) among

heterogeneous data
* Enabling analysis

* Connecting data with (data-driven) models, e.g., ML

models

£
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[ [ [ X d s
Welcome to Wikidata )
the free knowledge base with 83,078,307 data items that anyone can edit.
I Introduction + Project Chat - Community Portal « Help

2007: Freebase—a large collaborative knowledge base

* Knowledge graph containing data harvested from variety of sources, e.g., Wikipedia, Notable
Names Database, Fashion Model Directory and MusicBrainz

* Entity-Relationship, triple model of representation
2010: Google acquires Freebase

2012: Wikidata — a collaboratively edited multilingual knowledge Eraph hosted by
the Wikimedia Foundation. A common source of open data used by Wikimedia
projects such as Wikipedia and others, under the CCO public domain license.

2015: Google announces Knowledge Graph API, using standard schema.org types,
compliant with the JSON-LD (JavaScript Object Notation for Linked Data)

2018: Challenges and Innovations in Building a Product Knowledge Graph, Luna
Dong, Amazon, Applied Data Science Talk KDD 2018,
http://www.kdd.org/kdd2018/applied-data-science-invited-talks/view/luna-dong

Similarly, Apple, Microsoft Cortana, ...


https://en.wikipedia.org/wiki/NNDB
http://www.kdd.org/kdd2018/applied-data-science-invited-talks/view/luna-dong

Open Knowledge Network

B An official website of the United States government Info

( NITRD The Networking and Information Technology SAITRD g E
N Research and Development Program
HOME ABOUT NITRD ~ | COORDINATION AR v | NEWS&EVENTS ~ | PUBLICATIONS & RESOURCES ~ | COl

* Interagency Federal Government Workshop, Oct 55
2017 Lot

* “An open and broad community effort to
develop a national-scale data infrastructure—an
Open Knowledge Network—would distribute the
development expense, be accessible to a broad
group of stakeholders, and be domain-agnostic.
This infrastructure has the potential to drive OPEN ICOWLEDGE NETWORK
innovation across medicine, science, e
engineering, and finance, and achieve a new
round of explosive scientific and economic
growth not seen since the adoption of the
Internet.”

https://www.nitrd.gov/nitrdgroups/index.php?title=Open_Knowledge Network



NSF Convergence Accelerator
Track A:

Open Knowledge Network

A

U

(&‘lﬂl CDAKE
* Creating OKN requires collaboration among KG

technical experts and science domain experts

Urba
(urban n

e Data may come from highly-curated scientific
databases, as well as crowdsourcing

* Need to educate the next generation of scientists
in tools to author and query and use KG/KNs.

ntent

pn EventS
is)

| U WV
Where ~Graph

Knowledge Network Programming System: Services for enriching data

An IDE for Knowledge Graphs

with geographic context



NSF Convergence Accelerator Model

Ideation Process Convergence Research Focus Societal Impact

* Chosentrack topicsare ¢ Leverage * National-scale
released in a program multidisciplinary * Sustainability beyond
solicitation approach, NSF support may

Selected awards focus on partnerships include:
accelerating basic * Follow-on

research into practice funding and
investment

: Integration into
Funding up to $750K ] Funding up to S5M existing systems
Nine months planning 24 months solution Tools/knowledge
phase development phase accessible thru
Teams participate in Focused on impact open source
innovation curriculum ' e Solutions

expanded into
and propo3® ; new markets
evaluation

PHASE | PHASE II




NSF Convergence Accelerator Curriculum
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\ Essential for developing Open Knowledge Networksl 8
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Urban Flooding Open Knowledge Network

U F-OKN, Pl: Prof. Lilit Yeghizarian, Univ of Cincinnati

* Link together all information in an urban multiplex
* Connect flood-related data and models
* Serve a variety of Personas ___

Flood Forecast
1y | _
Homebuyer: Is this Di ted U Quat:
. rban Fully Connected Urban Multiplex (UM)
neighborhood flood prone? y
g 2 at National Scal ’ at National Scale
S Stormwater Manager:
' r:m:’?;':?' :V::"’ S Which one of the pumping
’ hisedized data \d tions will be inoperable?
national scale?
Private Citizen: Will my
house get flooded?

* Dealing with uncertainty in flood models
* 1000’s of local/regional flood models across the country



* Heterogeneous network integrating diverse

information domains

* Metanodes and metaedges

* Graphical query interfaces

A. Metagraph:

D. Calculating and weighting path counts:

metapath paths PDP DWPC
®
. .Z‘.l—l. 0.707 0.707
o
® ——
AP~
. 4 14 0.25
o

PDP(path) = DW PC(metapath) =
IT e~ > PDP(path)
dE Dy pathe Paths

SPOKE: Scalable Precision Medicine Oriented
Kﬁowledge Engine, pi: prof. Sergio Baranzini, UCSF

-,-.--.._'.'-

ra ."-..

SPOKE
e

Z sBiosciences
;,x
i Diseases i
i :

¢ i T'é;ues
\\J i \é\'

Pathophysiologies =%

Gehorﬁic | -
Positions 4
Pions '; R Ontogenic
[ S
BioCarta O: CC
KEGG

N iRNA Cancer

e N o
Targets [ TF | Cancer Modules
Targets Hoods
Himmelstein DS, Baranzini SE (2015) Heterogeneous Network Edge Prediction: A Data Integration Approach to Prioritize

Disease-Associated Genes. PLOS Computational Biology 11(7): €1004259. https://doi.org/10.1371/journal.pcbi.1004259
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1004259



https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1004259

SPOKE references

* Heterogeneous Network Edge Prediction: A Data Integration Approach to Prioritize
Disease-Associated Genes, Daniel S. Himmelstein, Sergio E. Baranzini,
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1004259.

. Knowledge Network Embedding of Transcriptomic Data from Space-flown Mice Uncovers
Signs and Symptoms Associated with Terrestrial Diseases, Charlotte A. Nelson, Ana
Uriarte Acuna,, Amber M. Paul, Ryan T. Scott, Atul J. Butte, Egle Cekanaviciute, Sergio E.
Baranzini, and Sylvain V. Costes, Life2021,11, https://doi.org/10.3390/1ife11010042.

* Integrating biomedical research and electronic health records to create knowledge-based
biologically meaningful machine-readable embeddings, Charlotte A. Nelson, Atul J. Butte
& Sergio E. Baranzini, Nature Communications, (2019) 10:3045,
https://doi.org/10.1038/s41467-019-11069-0.

» Systematic integration of biomedical knowledge prioritizes drugs for repurposing, Daniel
Scott Himmelstein, Antoine Lizee, Christine Hessler, Leo Brueggeman, Sabrina L Chen,
Dexter Hadley, Ari Green, Pouya Khankhanian, Sergio E Baranzini, Life. 2017,
https://doi.org/10.7554/elife.26726



https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1004259
https://doi.org/10.3390/life11010042
http://|https/doi.org/10.1038/s41467-019-11069-0|www.nature.com/naturecommunications
https://www.dropbox.com/referrer_cleansing_redirect?hmac=wEmDeFPaik5DFgIRrOVmToII3AJ5vYD9O4c6OJI8beQ%3D&url=https%3A%2F%2Fdoi.org%2F10.7554%2FeLife.26726

SCALES—OKN: Systematic Content Analysis of

Litigation EventS OKN, Pi: Prof. Luis Amaral, Northwestern

e Extracting knowledge graphs from pdf text
 All court records are currently locked in pdf’s behind a paywall (PACER)

* Impossible to perform simple queries, e.g.,

 How many cases in a jurisdiction have self-representation; and how many of those are
successfully litigated for the defendant?

* In what types of cases are court fees waived? And what is the ethnicity of the defendant?

* Inferring document type from document structure (physical layout of pdfs)

* Developing ontologies for:

* Legal docs, events — order, notice, report; ff— = S C A LE S
agreement, brief, motion, notice;

e Stages of a case—lifecycle; and how cases end

L.
Transforming the( Ac %\f\%nd

Transparency of FedralCat

e NEN] |




KNPS: Knowledge Graph Programming

System, Pl: Prof. Michael Cafarella, Michigan / MIT

* A programming language and toolset for:
* Building KG-driven software;

* Debugging data quality problems quickly and efficiently

e “Social” Knowledge Networks
e How KNs like -
* Data sharing a

* Supporting proy
* Tools using ML
* Ingest web dai | i:EEi

e Quickly create
Figure 6: An example of how the Knowledge Graph Programming System
o Ext ra Ct kn OWI @ enables efficient and high-quality knowledge applications in the case of COVID- ayo ut

19 analysis.

Technical Report on Data Integration
and Preparation, El Kindi Rezig,
Michael Cafarella, and Vijay

Gadepally, MIT, arXiv:2103.01986v1,
Mar 2, 2021.




KnowWhereGraph: Geospatial information

* The need for “geoenrichment” of
knowledge graphs:

* Ask Google: What is the distance between
India and Pakistan?

e GeoEnrichment

II(

* Adding spatial “intelligence” to knowledge
graphs
* E.g., knowledge network of experts
* Where are they located?

* Which geospatial regions, or types of
regions, does their expertise apply to?

* Tools to ingest RDF data into mapping
software, e.g. ESRI ArcMap

50

gle

W

Where ~Graph

what is the distance between india and pakistan

All © Maps (& News 2] Images »] Videos : More Settings Tools

Pakistan

1,452 km

Uzbekistan
yyyyyyyyyy

Turkmenistan

aaaaaaa

Sri Lanka



ther efforts: datacommons.org

e Effort at Google

* Currently, mostly socioeconomic data

* Uses schema.org

* Becoming incorporated into Google
search

Data Commons

Data Commons is an open knowledge

repository that combines data from public

datasets using mapped common entities. It
includes tools to easily explore and analyze
data across different datasets without data

cleaning or joining.

Data Commons Place Explorer

Overview
Economics
Health

Equity

Crime
Education
Demographics
Housing

Environment

Places in Palo Alto

Zip Codes

94022, 94040, 24043,

94301, 94303, 94304,
94305, 94306, 95014,

Palo Alto

City in Santa Clara County, California, United States of

America, North America

Population: 66,666 (2018) census.gov
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Number of people employed in Palo Alto
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Percentage of people employed: cities near Palo Alto




Some Issues...

* Implementation / scaling considerations
* Underlying representation: Tables vs graphs
* Graph databases, e.g. Neo4j, Stardog, OrientDB, InfiniteGraph, AllegroGraph, ...
* Tabular representation, e.g., Relational databases, Apache Spark, BigTable, BigQuery

* Dynamic data
* Changing data and changing relationships; evolving knowledge graph; versioning

* User views
» E.g., error and data quality viewed differently by different users / applications

 Comprehensive Modular Ontology IDE, Modular Ontology Modeling, Cogan Shimizu,
Karl Hammar, Pascal Hitzler, Semantic Web, http://www.semantic-web-
journal.net/content/modular-ontology-modeling.
* “More than one domain expert with overlapping expertise, and more than one ontology
engineer on the team.

* Based on our experiences, three types of participants are needed in order to have a team that
can establish a good modular ontology: domain experts, ontology engineers, and data
scientists.”



http://www.semantic-web-journal.net/content/modular-ontology-modeling

