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\

] freebase companyli] =

3 id" "/business/cik/0001..."
4 “name’: "Company A",

5 "key" ['CMPA","Company A']
6 'founded": "1995',

/

'key people”: |
S |
9 ‘name”: { "Person_A" |
10 title”: "Chairman’
I
12 ‘name " { Person B |,
13 'title": ['Employee" 'CEQ']
4 |
15 ]
16 |

FlG. 5

400

sec_companyljl

1 <cik> 000L..</cik>

2 <name> Company_A INC</name>

3 <director>

4 <cik> 00012..</clk>

5 <fullname> A Person</tullname>

0  <number of shares> 1995 </number of shares>
[ </director>

FlG. 4
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1206
SEARCH 12/02
ACCESSIBLE PARKING' HELIX SEARCH 1204
SEARCH FOR "ACCESSIBLE PARKING' MATCHED: f
2100 ~1208 12
SOURCE = | MATCHED 6 | DESCRIPTION _ _ : :
| PARKING SPACE __ _ _
DUBLINKED | LUSK TOWN | DATA IN FIELD XWL-TABLES->ACCESSIBLE_PARKING-TABLE->ACCESSIBLE _
CENTRE PARKING->AREA_DESC'IN DATA SET LOCATION OF ACCESSIBLE CAR
(COMBINED PARKING SPACES KNOWN TO FINGAL COUNTY COUNCIL
MOTHER/CHILD
SPACE ACCESSIBLE
PARKING) SUPER
VALUE
DUBLINKED | LUSK TOWN | DATA IN FIELD XWL-TABLES->ACCESSIBLE_PARKING-TABLE->ACCESSIBLE _
CENTRE PARKING->AREA_DESC' IN DATA SET LOCATION OF ACCESSIBLE CAR
(COMBINED PARKING SPACES KNOWN TO FINGAL COUNTY COUNCIL
MOTHER/CHILD
SPACE ACCESSIBLE
PARKING) SUPER
VALUE
DUBLINKED | LUSK TOWN | DATA IN FIELD YML-TABLES->ACCESSIBLE_PARKING-TABLE->ACCESSIBLE _
CENTRE PARKING->AREA_DESC' IN DATA SET LOCATION OF ACCESSIBLE CAR
(COMBINED PARKING SPACES KNOWN TO FINGAL COUNTY COUNCIL
MOTHER/CHILD
SPACE ACCESSIBLE
PARKING) SUPER
VALUE
O | FREEBASE | PARKING BUILDING FUNCTION: THE GENERAL REASON, PURPOSE FOR THE BUILDING
AT ANY TIVE. USUALLY, IT IS WHY IT WAS BULLT

DETAILS

FlG. 12
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1302
1206 ?

(o4 1306
SAVPLE OF DATA FROM FIELD ROADNAME IN DATA SET LOCATION OF ACCESSIBLE CAR PARKING SPACES
KNOWN TO FINGAL COUNTY COUNCIL IN DATA SOURCE DUBLINKED ?
H OTHER FIELDS IN THIS CATEGORY |
NORTHWOOD AREA_DESC
SWORDS ROAD 3 ADJACENT_SERVICES
AIRSIDE RETAIL PARK 3] DIPPED_FOOTPATH
HEARSE ROAD 2 OCCUPIED
SNUGBOROUGH ROAD 18 ROAD_MARKING
LUTTRELLSTOWN ROAD 17 PARK_SIGN
ST, MARGARETS ROAD 17
RUSH ROAD 16 1508
BLANCHARDSTOWN ROAD NORTH 15
MAIN STREET 14 ?—-—-
CAPPACH ROAD 1 OTHER CATEGORIES WITH SIMILAR DATA

FIELD XML-TABLES->ACCESSIBLE

STRAND ROAD v ACCESSIBLE. PARKING->ROADNAN
STATION ROAD 12 SET LOCATION OF ACCESSIBLE CA
ESTUARY ROAD 10 SPACES KNOWN TO FINGAL COUNT
NAVAN ROAD 10 ED
DUBLIN ROAD 10 (HTTP.//WWWNAPTAN.ORGUK/INA
COAST ROAD 10 HTTP.//WWWNAPTAN.ORGUK/}ST
THTTP.//WWWNAPTAN.ORGUK/IST
WHITES ROAD ? (HTTP//WWWNAPT AN ORG.UK//IDE
JAMES CONNOLLY HOSPITAL 0 THTTP//WWWNAPTANORGUK/IST
CARPENTERSTOWN ROAD 9 LT TRANSPORT NODES

FIELD

SAVE ' CUSTOMIZE D |

FIG. 15
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1402 1206

= )

ACCESSIBLE PARKING LOCATIONS LINKED WITH GULLY REAPAIRS LOCATIONS
100 ROWS IN LINK RESULT

1404

J

DATA IN FIELD ROADNAME IN DATA SET DATA IN FIELD COL2 IN DATA SET SCHEDULE
LOCATION OF ACCESSIBLE CAR PARKING ~ AND MONITOR OF GULLY CLEANING FOR SIMILARITY
SPACES KNOWN TO FINGAL COUNTY COUNCIL'  DUBLIN CITY

CHURCH ROAD CHURCH ROAD l
CHAPEL LANE CHAPEL LANE 1
CASTLEKNOCK ROAD CASTLEKNOCK ROAD 1
NAVAN ROAD NAVAN ROAD 1
CHURCH ROAD CHURCH ROAD 1
CHAPEL LANE CHAPEL LANE 1
[ITTLE STRAND STREET | STRAND STREET LITTLE 1
RIVER ROAD RIVERROAD 1
PARK ROAD | PARK ROAD 1
(NOCKMAROON KNOCKMAROON ROAD 088
NEW STREET NEW STREET NORTH 081
MAIN ST MAIN ST. CHAPELIZOD '
SWORDS ROAD SWORDS STREET 08
NEW STREET CHRUCH STREET NEW 079
STRAND ROAD NORTH STRAND ROAD 078
STRAND ROAD NORTH STRAND ROAD 078
CHURCH ROAD CHURCH STREET UPPER 076
CHURCH STREET CHURCH STREET UPPER 076
BRIDGE STREET CHURCH STREET BRIDGE 076

l SAVE

FIG. 14
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R ) PYZ

RECEVE A PLRALITY OF FETEROGENEOUS DATA SORCES |~ 29

GENERATE, FOR EACH OF THE PLURALITY OF HETEROGENEQUS
DATA SOURCES, A LOCAL SCHEMA GRAPH COMPRISING A
OSET OF ATTRIBUTE NODES AND A SET OF TYPE NODES

1500

ASSOCIATE A UNIFORM RESOURCE IDENTIFIER TO EACH
ATTRIBUTE AND TYPE NODE IN EACH OF THE LOCAL
SCHEMA GRAPHS

12086

ASSOCIATE A UNIFORM RESOURCE IDENTIFIER TO EACH
VALUE ASSOCIATED WITH EACH ATTRIBUTE NODE IN EACH
OF THE LOCAL SCHEMA GRAPHS

1910

[DENTIFY ONE OR MORE RELATIONSHIP LINKS BETWEEN
DIFFERENT TYPE NODES AND ATTRIBUTE NODES WITHIN
AND ACROSS EACH OF THE LOCAL SCHEMA GRAPHS

1912

GENERATE A GLOBAL SCHEMA GRAPH BASED ON EACH
LOCAL SCHEMA GRAPH THAT HAS BEEN GENERATED,
WHEREIN THE GLOBAL SCHEMA GRAPH COMPRISES
FACH OF THE LOCAL SCHEMA GRAPHS AND AT LEAST 1914

ONE EDGE BETWEEN AT LEAST TWO OR MORE ATTRIBUTES
NODES FROM DIFFERENT LOCAL SCHEMA GRAPHS, WHERE
THE EDGE REPRESENTS AT LEAST ONE OF THE RELATIONSHIP
LINKS THAT HAS BEEN IDENTIFIED

ot
FIG. 15
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1

DATA VIRTUALIZATION ACROSS
HETEROGENEOUS FORMATS

BACKGROUND

The present disclosure generally relates to data retrieval
systems, and more particularly relates to virtualizing data
across heterogeneous formats.

Businesses accumulate massive amounts of data from a
variety of sources and employ an increasing number of
heterogeneous, distributed, and often legacy data sources to
store them. Although many data sources are available,
navigating the large amounts of data in multiple data sources
and correlating those heterogeneous sources with all the
relevant data a user 1s interested in obtaining can be a
difficult process. Searching and combining information
across these heterogeneous data sources and varying data
types requires users to be highly technical and understand
how to use relevant query languages for each data source
and then manually merge results.

BRIEF SUMMARY

In one embodiment, a method for virtualizing data across
heterogeneous formats 1s disclosed. The method comprises
receiving, as input, a plurality of heterogeneous data
sources. A local schema graph comprising a set of attribute
nodes and a set of type nodes 1s generated for each of the
plurality of heterogeneous data sources. An attribute node
corresponds to a schema element 1n the heterogeneous data
source comprising a domain with at least one value and 1s
annotated with the value 1n the local schema graph. A type
node corresponds to a schema element 1n the heterogeneous
data source whose domain 1s defined recursively through at
least one of one or more attribute nodes and one or more
other type nodes. A global schema graph 1s generated based
on each local schema graph that has been generated. The
global schema graph comprises each of the local schema
graphs and at least one edge between at least one or two or
more attributes nodes and two or more type nodes from
different local schema graphs. The edge indicates a relation-
ship between the data sources represented by the different
local schema graphs comprising the two or more attributes
nodes based on a computed similarity between at least one
value associated with each of the two or more attributes
nodes.

In another embodiment, an information processing system
for virtualizing data across heterogenecous formats 1s dis-
closed. The information processing system comprises a
memory and a processor communicatively coupled to the
memory. A data processor 1s communicatively coupled to the
memory and the process. The data processor 1s configured to
perform a method. The method comprises receiving, as
input, a plurality of heterogeneous data sources. A local
schema graph comprising a set of attribute nodes and a set
of type nodes 1s generated for each of the plurality of
heterogeneous data sources. An attribute node corresponds
to a schema element 1n the heterogeneous data source
comprising a domain with at least one value and 1s annotated
with the value in the local schema graph. A type node
corresponds to a schema element 1n the heterogeneous data
source whose domain 1s defined recursively through at least
one ol one or more attribute nodes and one or more other
type nodes. A global schema graph 1s generated based on
cach local schema graph that has been generated. The global
schema graph comprises each of the local schema graphs
and at least one edge between at least one or two or more
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2

attributes nodes and two or more type nodes from ditfierent
local schema graphs. The edge indicates a relationship
between the data sources represented by the different local
schema graphs comprising the two or more attributes nodes
based on a computed similarity between at least one value
associated with each of the two or more attributes nodes.
In yet another embodiment, a computer program product
for virtualizing data across heterogeneous formats 1s dis-
closed. The computer program product comprises a storage
medium readable by a processing circuit and storing mnstruc-
tions for execution by the processing circuit for performing
a method. The method comprises receiving, as input, a
plurality of heterogeneous data sources. A local schema
graph comprising a set of attribute nodes and a set of type
nodes 1s generated for each of the plurality of heterogeneous
data sources. An attribute node corresponds to a schema
clement 1n the heterogeneous data source comprising a
domain with at least one value and 1s annotated with the
value 1n the local schema graph. A type node corresponds to
a schema eclement in the heterogeneous data source whose
domain 1s defined recursively through at least one of one or
more attribute nodes and one or more other type nodes. A
global schema graph 1s generated based on each local
schema graph that has been generated. The global schema
graph comprises each of the local schema graphs and at least
one edge between at least one or two or more attributes
nodes and two or more type nodes from different local
schema graphs. The edge indicates a relationship between
the data sources represented by the different local schema
graphs comprising the two or more attributes nodes based on

a computed similarity between at least one value associated
with each of the two or more attributes nodes.

"y

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The accompanying figures where like reference numerals
refer to 1dentical or functionally similar elements throughout
the separate views, and which together with the detailed
description below are incorporated in and form part of the
specification, serve to further illustrate various embodiments
and to explain various principles and advantages all 1n
accordance with the present disclosure, 1n which:

FIG. 1 1s a block diagram illustrating one example of an
operating environment according to one embodiment of the
present disclosure;

FIG. 2 shows a detailed view of data processor for
virtualizing data across heterogeneous formats according to
one embodiment of the present disclosure;

FIG. 3 shows one example of a semi-structured data
source according to one embodiment of the present disclo-
Sure;

FIG. 4 shows another example of a semi-structured data
source according to one embodiment of the present disclo-
SUre;

FIG. § shows one example of a local schema graph
generated for the data source of FIG. 3 according to one
embodiment of the present disclosure;

FIG. 6 shows one example of a local schema graph
generated for the data source of FIG. 4 according to one
embodiment of the present disclosure;

FIG. 7 shows one example of a relational data source
according to one embodiment of the present disclosure;

FIG. 8 shows one example of a local schema graph
generated for the relational data source of FIG. 7 according
to one embodiment of the present disclosure;
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FIG. 9 shows one example of a Resource-Description-
Framework-based data source according to one embodiment

of the present disclosure;

FIG. 10 shows one example of a local schema graph
generated for the Resource-Description-Framework-based
data source of FIG. 9 according to one embodiment of the
present disclosure;

FIG. 11 shows one example of a global schema graph
generated from a plurality of local schema graphs according
to one embodiment of the present disclosure;

FIG. 12 shows one example of search results generated
based on a global schema graph according to one embodi-
ment of the present disclosure;

FIG. 13 shows one example of a user interface for guided
navigation ol data according to one embodiment of the
present disclosure;

FI1G. 14 shows one example of constructing a virtual view
for data of interest according to one embodiment of the
present disclosure;

FIG. 135 1s an operational flow diagram illustrating one
example of a process for virtualizing data across heteroge-
neous formats according to one embodiment of the present
disclosure; and

FIG. 16 15 a block diagram illustrating one example of an
information processing system according to one embodi-
ment of the present disclosure.

DETAILED DESCRIPTION

Data virtualization 1s an important field within the infor-
mation management industry. One goal of data virtualization
1s to provide a umfied virtual view of multiple sources of
data (regardless of the input data characteristics and access
mechanisms) so that users can run queries and build appli-
cations as 1f only one data source i1s being used. This
approach can be seen as an alternative approach to tradi-
tional data integration mechanisms such as Extract Trans-
form Load (E'TL) or Data Federation. ETL requires a labo-
rious extraction and transformation of all input sources and
loading them 1into a target source, whereas Data Federation
maps multiple databases that use the same data model 1nto
a single (virtual) federated database. Such traditional
approaches have major shortcomings in integrating highly
diverse and very large (Big Data) sources.

Embodiments of the present disclosure recognize the
dificulty of accessing the vast amounts of data available 1n
heterogeneous data sources by non-technical end users.
Various embodiments allow the end user to focus on the
exploration of data rather than on the complexities of
heterogeneous data sources, mcompatible data formats, and
query languages. End users need to access data from sources
with various formats ranging ifrom simple spreadsheet text
files to XML files with no given schema (metadata infor-
mation that describes 1nstances and elements in the data) to
relational and resource description framework (RDF) data
that conform to a given well-defined schema, without
knowledge about the properties of the data. In addition, one
or more embodiments implement data virtualization mecha-
nisms to provide a unified virtual view of multiple sources
of data regardless of the input data characteristics and access
mechanisms. This allows users to run queries and build
applications as if only one data source 1s being used.

Operating Environment

FIG. 1 shows one example of an operating environment
100 for virtualizing data across heterogeneous formats. In
the example shown 1n FIG. 1, the operating environment 100
comprises a plurality of information processing systems
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102, 104, 106, which can reside within a cloud computing
environment and/or a non-cloud computing environment.
Each of the information processing systems 102, 104, 106 1s
communicatively coupled to one or more networks 108. The
network 108 can comprise connections such as wire, wire-
less communication links, and/or fiber optic cables. One or
more of the information processing systems 102 comprise a
data processor 110. As will be discussed 1n greater detail
below, the data processor 110 provides guided exploration
and combination of heterogeneous data sources 112, 114.
FIG. 1 shows these data sources 112, 114 being maintained
on one or more nformation processing systems 104 or
across multiple systems. The data processor 110 enables
users to seamlessly explore heterogeneous data through a
combination of keyword searches and a navigation of linked
pages (e.g., web pages) that include information about the
schemas, data, and semantic links within and across the data
sources/sets 112, 114.

In one embodiment, the data processor 110 provides
simple unified and tabular (virtual) views over mput semi-
structured and structured data sources regardless of their
data model and format. The mput data sources 112, 114 can
have a wide variety of data formats, including but not
limited to tabular text files (e.g. CSV or XLS), tree-struc-
tured (e.g., XML or JSON) documents, relational databases
(e.g., DB2), and graph (e.g., RDF) data. The data processor
110 takes 1n such mput sources 112, 114 and as output
provides a tabular view of the data that can be navigated
through links between the output tables. Each table groups
a portion of correlated values 1 one source. Fach column
represents one schema element of the mput sources where
the values 1n the column are the values associated with the
corresponding schema element 1n the mput source.

The data processor 110, in one embodiment, utilizes
schema graphs to provide the simple unified and tabular
(virtual) views over heterogeneous input data sources. As
will be discussed in greater detail below, the data processor
110 reads 1n each of the mput semi-structured and structured
data sources, and creates a schema graph for each source.
For example, a set of schema trees are created that include
all the input schema elements, where the leaves 1n the tree
represent columns of tables (referred to as attributes) in the
output tabular view. Each parent node of a leaf represents a
table (referred to as a type) with 1ts child nodes as its
columns. The type and attribute nodes 1n the trees are then
linked either through existing links 1n the mnput data, or links
discovered automatically. The resulting graph 1s global
schema graph, which 1s used to provide unified tabular views
over all the mput sources.

FIG. 2 shows a more detailed view of the data processor
110. In the example shown 1n FIG. 2, the data processor 110
comprises a data source registry 202, a data preprocessor
204, an nteractive user interface 206, a federated query
builder 208, a navigation guidance module 210, and a view
mampulator 212. One or more of these components can
reside locally on the information processing system 102
(e.g., server) or be distributed across two or more informa-
tion processing systems. The data source register 202 defines
the mput data sources 112, 114, which can be either internal
data sources or external data sources. Data sources 112, 114
can be structured sources, semi-structured sources, and/or
file repositories comprising data of varying formats such as
relational databases, Extensible Markup Language (XML)
sources, JavaScript Object Notation (JSON) sources,
Resource Description Framework (RDF) sources, Excel
files, comma-separated value (CSV) files, and/or the like.
The data can further have widely varying characteristics,
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including, for example, a large number of small records and
a small number of large records. Data sources 112, 114 can
also be external data sources with application programming
interfaces (APIs) that support different query languages.
Users can also add additional data sources as needed.

The data preprocessor 204 comprises at least a schema
discovery module 214, a text indexer 216, and a linkage
discovery module 218. Each of these components 1s dis-
cussed in greater detail below. The data preprocessor 204
prepares the input data sources 112, 114 for analysis. The
preprocessor 204 provides other components 1n the operat-
ing environment 100 with a common access mechanism for
the data sources 112, 114. For internal data sources, the data
preprocessor 204 provides a level of mndexing and analysis
that depends on the type of data source. Indexing and
caching can be bypassed for external data sources to allow
fresh data to be retrieved from the external data sources 106
as needed; however, this bypassing 1s not required. For
internal data sources, schema information can be stored and
indexed by the data preprocessor 204. For legacy data
sources with no given or well-defined schema as well as
semi-structured or schema-iree data, the data preprocessor
204 can perform schema discovery and analysis.

In the case of relational data sources, the data preproces-
sor 204 can pick a sample of instance values for each column
of a table and i1ssue them as queries to the external data
sources to gather possible “senses™ (1.e., extended data type
and semantic information) of the instance values of the
column. The result may be a set of tags associated with each
column, along with a confidence value for the tag. For
example, “Entity A” may be associated with the type “Com-
pany”’, or the type “Healthcare Industry”, or another type
from an external data source 106. Depending on the imple-
mentation, more than one type may be associated with each
instance, and multiple types may either be represented as a
set or 1 some hierarchical or graphical structure.

In addition to schema information, the data preprocessor
204 creates a full-text index across all internal data sources.
Different indexing strategies may be used depending on the
data source characteristics. For a relational data source, for
example, depending on the data characteristics and value
distributions, the indexing may be performed over rows,
where values are indexed and the primary key of their tuples
are stored, or over columns, where values are indexed and
columns of their relations are stored. The data preprocessor
204 and 1ts components are discussed in greater detail below.

The interactive user interface 206 enables the data pro-
cessor 110 to communicate with an end user system 106. For
example, the interactive user interface 206 communicates
across the network 108 with a graphical user interface 116
residing on the end user system 106. The graphical user
interface 116 can include, but 1s not limited to, a web
application or a stand-alone application producing screen
images to the end user system 106. The user interface 206
includes a keyword query interface along with templates to
show the output of keyword queries, the 1tems picked by the
user from the result of keyword queries, and navigation
guidance receirved from a navigation guidance module 210
(discussed 1n greater detail below). The user can then build
stored views 238 shown on a “shelf” in the interface 206,
and have the data processor 110 perform complex analysis
and linkage of the views to incrementally build more com-
plex views and perform complex analysis tasks.

The interactive user interface 206 comprises or 15 com-
municatively coupled to a guided data exploration module
220. The gmded data exploration module 220 provides for
the uniform searching, navigating, and saving of heteroge-
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neous data. The guided data exploration module 220 also
provides an end user with a unified data exploration expe-
rience across multiple heterogeneous data sources and mul-
tiple data formats. For example, the guided data exploration
module 220 facilitates data exploration by allowing the end
user to navigate forward and backward through search
requests, search results, data samples, and navigation sug-
gestions, until the desired data samples have been found.
The guided data exploration module 220 and the uniform
searching, navigation, combination, and saving of heteroge-
neous data are discussed 1n greater detail 1n the commonly
owned and co-pending U.S. patent application Ser. No.
13/968,486 entitled “Uniform Search, Navigation and Com-
bination of Heterogeneous Data”, filed on Aug. 16, 2013,
which 1s hereby incorporated by reference 1n its entirety.

The federated query builder 208 provides for the querying,
of all the input sources 112, 114, in a unified way. The
tederated query builder 208 issues queries for text searches,
using an inverted index of data values, to internal data
sources, 1ssues queries as APIs to external data sources,
consolidates, and analyzes a potentially large and heteroge-
neous set of query results retrieved from several data sources
112, 114. In addition to retrieving data related to the text
search, the federated query builder 208 can 1ssue additional
queries to external data sources to gain additional informa-
tion about unknown data instances returned from the text
search. The federated query builder 208 can further rank
records returned from the text search based on attribute tags
(e.g., “senses”’) created by the data preprocessor 204.

The query builder 208 comprises a query formulation
module 222, an index lookup module 224, and a result
ranking and augmentation module 226. The query formula-
tion module 222 recerves query string, type, and parameters
from the user interface 206 and translates the specification
into a set of queries that can run over the original sources and
derived meta-data stored through pre-processing. The index
lookup module 224 takes a keyword string, parses and
analyzes the string, and performs a lookup over the index
built by the data preprocessor 204. The result ranking and
augmentation module 226 performs ranking of the returned
query results, and augments the results with the available
metadata and related information.

The navigation guidance module 210 performs tasks
related to guiding the user to address the user’s information
needs. The guidance 1s provided through suggestions to
explore portions of data sources that are identified as rel-
evant to the user based on previous user’s queries, similarity
of the user query to previous queries, and schema and data
found similar to the user’s query and query results. The
navigation guidance module 210 determines the similarity
among records returned from a text search using both
schematic and semantic differences. The guidance module
210 uses this similarity to determine which additional fields
may produce meaningiul search results across instances
from both the internal and external data sources 112, 114
using attribute tags (e.g., “senses”) created by the data
preprocessor 202 and the federated query builder 208. The
navigation guidance module 210 also determines which data
fields may produce meaningful results when search results
are combined. The navigation guidance module 210 can
utilize both schematic and semantic links created by the data
preprocessor 202 and the federated query builder 208.

The navigation guidance module 210 comprises a schema
and data guidance module 228, a linkage guidance module
230, and a query log analysis module 232. The schema and
data guidance module 228 goes through schema links avail-
able 1n a global schema graph (built by the data preprocessor
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204) to recommend schema elements in mput data sources
that are related to the user’s query. The linkage guidance
module 230 goes through the derived similarity links 1n the
global schema graph to recommend portions of data similar
to the current query result or specified elements 1n the input
query. This module 230 also assists users in {inding what
other data can eflectively be linked to the current query
results to extend the information included 1n the results. The
query log analysis module 232 performs an analysis of all
the queries run by previous users. This module 232 also
analyzes how the current user 1s similar to previous users 1n
terms ol mformation needs, and how the current query 1s
similar to a query run by a previous user so the data
processor 110 can predict what the next query will be and
recommend 1t to the user.

The view manipulator 212 manages stored views (shell
items) 238 built by a user through the user interface 206. The
view manipulator 212 comprises a dynamic data instance
linker 234 and a view and template manager 236. The
dynamic data instance linker 234 performs dynamic linkage
of instance data for given views to build a more complex
view. The linkage can be done through a user’s request or
through a request by the gumidance module to help the user
navigate to linked pieces of data. The view and template
manager 236 stores information related to stored views and
templates built by the users so future users of the system can
browse through a set of related templates and reuse or extend
them.

Global Schema Graph Construction

As discussed above, the data preprocessor 204 generates
a local schema graph for each of the input data sources 112,
114, and uses these graphs to generate a global schema
graph. The data processor 110 utilizes this global schema
graph to provide unified tabular views over all the 1put
sources 112, 114. In one embodiment, mput data sources
112, 114 are provided to the data processor 110 as 1nput are
processed by the data preprocessor 204. These mput data
sources 112, 114 can be defined 1n the data source registry
202. In one embodiment, various different classes of sources
are available within the operating environment 100. For
example, a first class comprises (semi) structured sources
with pre-defined schemas and query APIs, such as relational
databases and triplestores. A second class 1s (online or local)
file repositories such as those published by governments
(e.g., data.gov or data.gov.uk, or data sources published by
U.S. National Library of Medicine), or in cloud-based file
repositories. A third class comprises sources directly read
from online Web APIs.

The data preprocessor 204 i1s able to process heteroge-
neous data based on explicit user needs while avoiding
unnecessary or expensive pre-processing operations. In one
embodiment, the data preprocessor 204 performs pre-pro-
cessing operations comprising schema discovery, where
input source schema (explicitly specified 1in the source or
automatically discovered by the data processor 110) 1is
represented 1n a common model 1n the form of a local
schema graph; full-text indexing, where data values and
source metadata are indexed; and linkage discovery, which
incorporates instance-based matching and clustering of the
(discovered) schemas. The outcome of the pre-processing
phase 1s a global schema graph. It should be noted the
schema discovery, full-text indexing, and linkage discovery
operations can be performed in a scalable and incremental
fashion.

The schema discovery process begins by constructing a
local schema graph for each of the mput sources 112, 114.
Schema graphs are used as the common schema represen-

10

15

20

25

30

35

40

45

50

55

60

65

8

tation format that alleviates the differences across the mod-
els of different sources. The schema discovery model 214
distinguishes two types of nodes in the schema graphs: (a)
attributes, which across models correspond to schema ele-
ments whose domain 1s literal values (e.g., column names in
the relational model, PCDATA elements in XML, strings in
JSON, etc.); and types, which across models correspond to
schema eclements whose domain 1s defined (recursively)
through other type or attribute nodes (e.g., tables or schemas
in the relational model, intermediate elements 1n XML trees,
etc.).

Given the wide range of sources considered in terms of
data models, the local schema graph construction i1s custom-
1zed to each data model. In more detail, for semi-structured
data with no provided schema, the schema discovery model
builds a minimal schema graph (e.g., a tree) that comprises
all the possible paths in the semi-structured data instances.
That 1s, nodes 1n the constructed local schema graph corre-
spond to elements of the semi-structured data, and a path 1n
the schema graph exists i1f there 1s at least one data instance
having that path. The schema discovery module 214 con-
structs a simple and concise representation of the structure
of the data utilizing techniques that provide a schema that
initially facilitates users” understanding of data, while pro-
viding ways to incrementally build more complex and
accurate models through the user interaction and input).

For example, FIGS. 3 and 4 show two examples of
different 1nput data sources 300, 400 1n JSON and XML
formats, respectively. FIG. 4 shows a local schema graph
500 that 1s constructed by the schema discovery module 214
based on the data in FIG. 3. FIG. 6 shows a local schema
graph 600 constructed by the schema discovery module 214
based on the data 1n FIG. 4. In the graphs 500/600 of FIGS.
5 and 6, the root nodes 3502, 602 represent the datasets
“freebase_company” and “sec_company” of FIGS. 3 and 4,
respectively. Each child node 504 to 516 and 604 to 614
represents a schema element in lines 3 to 13 of FIG. 3 and
lines 1 to 7 of FIG. 4, respectively. In FIGS. 5 and 6, the
dashed boxes 502, 504, 602, 604 arc types while the
dash-boxes 506 to 516 and 606 to 614 are attributes. The
solid boxes 518 to 528 and 616 to 624 comprise values
associated with their corresponding attribute.

For (semi-)structured data with a provided schema (e.g.,
through available metadata or DDLs), the schema discovery
module 214 constructs a schema graph without analyzing
instance values. For example, consider the relational source
700 1n FIG. 7. The schema discovery module 214 constructs
the local schema graph 800 (FIG. 8) for this source 700 by
using the table definitions and foreign key relationships. The
schema discovery module 214 creates one type per table
with table columns becoming attributes of the type, and
foreign keys are used to relate different types. For example,
FIG. 8 shows that the local schema graph 800 comprises a
root node 802 representing the dataset and a plurality of
child nodes 804 to 816, where dashed line nodes 802 and
804 are types, and dash-dot line nodes 806 to 816 represent
an attribute label that appeared within the dataset. The solid
line nodes 818 to 828 represent values associated with the
attribute 1n the mput data source’s records and are referred
to as instances of the attribute. It should be noted that if
schema definitions including foreign key information are not
available, the schema discovery module 214 creates one
type per table with table columns again becoming attributes
of the type, and a foreign key discovery process 1s performed
along with link discovery (discussed below) to connect the
different tables.
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FIG. 9 shows one example of RDF (graph) data 900, and
FIG. 10 shows the local schema graph 1000 constructed for
this data. In this example, the schema discovery module 214
represents each class 902, 904, 906 with a node 1002, 1004,
1006 representing a type, and its properties 908 to 922 that
have literal values become type attributes 1008 to 1022
associated with the node. FIG. 10 also shows that literal
values 1024 to 1034 are associated with their attribute nodes
1008 to 1022 within the local schema graph 1000. Properties
that link two classes in RDF result in links between the
corresponding types. If an RDF schema 1s given, then it 1s
used by the schema discovery module 214 to construct the
local schema graph. In the absence of an RDF schema, the
schema discovery module 214 infers the schema graph by
going through all of the instance data (RDF triples) and
determines the resources, their classes (i1.e., the rdi:type
statements), theiwr properties, and the properties between
classes.

Once the schema graph for each source 112, 114 1s
constructed, the schema discovery module 214 assigns a
Uniform Resource Identifier (URI) to each node in the
graph. The assignment 1s such that 1t not only captures the
relative position of each node within the schema graph, but
also captures the provenance of each node, 1.e. where the
node came from originally (e.g., the name of the source as
well as 1ts model). As an example, assume the schema graph
500 1n FIG. 5 1s derived from a JSON source with name
compdata. Then the following URIs are assigned to the
attributes of the source:

1son://compdata/freebase_company/key

1son://compdata/freebase_company/name
1son://compdata/freebase_company/key_people/title
1son://compdata/ifreebase_company/key_people/name
1son://compdata/freebase_company/id
1son://compdata/freebase_company/founded
and the following URIs represent the types:
1son://compdata/freebase_company
1son://compdata/freebase_company/key_people
Similarly, 11 the relational source 1n FIG. 7 1s registered with
name cmpdt and the tables are stored in a schema named
db2usrl, rdb://cmpdt/db2usrl/corpwatch_company/name 1s
the URI of the node corresponding to column name 1n table
corpwatch_company.

The indexer 216 assigns a URI to teach each instance that
can be used to locate that specific value. FIGS. 5, 6, 8, and
10 show the 1nstance values 1n the sold line boxes associated
with each attribute 1n the above examples. The indexer 216
views 1nstance values as documents and utilizes one or more
Information Retrieval (IR) engines to tokenize and index the
instance values. This allows keyword searches to be per-
tformed across the mnput data sources 112, 114 with Boolean
queries and fuzzy search capabilities. The indexer 216 can
model istance values as documents 1n various ways. For
example, the indexer 216 can treat each instance value as a
separate document. In this example, the indexer 216 assigns
a URI to each mstance value that can be used to locate 1t. For
example, the indexer associates the URI json://compdata/
freebase_company[0]/key_people[O]/name[0] with “Per-
son_A” 1in FIG. 5. In some embodiments, the indexer 216
utilizes a compression mechanism that indexes each distinct
value only once for each attribute.

In another example, the mdexer 216 treats all instance
values of an attribute as a single document. In this example,
the indexer 216 associates a URI to the entire document as
the document identifier. For example, the values “CMPA”
and “Company_A.” 1

in FIG. 5 are considered as a single
document associated with the URI json://compdata/iree-
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base _company/key. In yet another example, the indexer 216
identifies group values that appear together 1n one instance
of a type, and treats these group values as a single document.
This results 1n row-level indexing for relational data, node-
based grouping of instance values for tree-structured (e.g.,
XML) data, and object-level indexing for graph (RDF) data.
In FIG. 5, this approach results in one index entry for the
company type instance, and two entries for key_people
instances. It should be noted that regardless of the indexing
mechanism utilized by the indexer, the attribute URIs are
stored 1n the index to facilitate attribute-based grouping of
the keyword search results. Unlike conventional indexing of
heterogeneous data, which 1s usually limited to the indexing
of values, the indexing of one or more embodiments also
indexes metadata, 1.e., the types and attribute names them-
selves to provide a unified keyword search index.

The last phase 1 pre-processing 1s discovering links
between different types and attributes within as well as
across the schema graphs of diferent sources 112, 114.
Traditional schema-based matching i1s not eflective 1n
matching highly diverse and automatically-constructed
schemas where the labels of schema elements are not always
representative of their contents, and data come from several
sources that use diflerent models and representations. There-
fore, the linkage discovery module 218 performs an all-to-
all instance-based matching of all the attributes. Scaling the
matching process for a large number of attributes and large
number of 1nstances per attribute can be a major challenge.
Therefore, one or more embodiments scale this problem by
casting it into the problem of computing document similarity
in information retrieval.

In one embodiment, the linkage discovery module 218
treats each attribute node in a local schema graph as a
document, where the i1nstance values for that attribute are
treated as the set of terms 1n the document. The linkage
discovery module 218 utilizes Locality Sensitive Hashing
(LSH) techniques to scale the computation of pairwise
attribute similarity. However, other techniques can also be
utilized to scale the computation as well. In this embodi-
ment, the linkage discovery module 218 constructs a fixed
small number of signature values per attribute (e.g., based on
MinHash or Random Hyperplane) in a way that a high
similarity between the set of signatures guarantees high
similarity among instance values. This results 1n eflicient
comparison of instance values between attributes. The link-
age discovery module 218 then creates small buckets of
attributes so that similar attributes are guaranteed to be in the
same bucket with a high probability. This dramatically
reduces the number of pairwise attribute comparisons
required for an all-to-all attribute matching.

The attribute-level linkages found within and across data
sources are used not only for guided navigation of the
sources 112, 114, but also to find type-level linkages and
grouping (clustering) of types. In more detail, type cluster-
ing 1s performed to group types that have the same or highly
similar attribute sets. For example, all ‘address’ types of an
XML source might create a single cluster, 1n spite of these
addresses appearing at different levels and under different
clements of the tree. Type-level linkages induce a similarity
graph, where each node represents a type and the weight of
an edge connecting two types reflects their similarity. This
similarity 1s the average of (a) the mstance-based similarity
between the attributes of the two types; and (b) the similarity
(such as the Jaccard or the cosine similarity) between the
sets of attribute labels of the types. An unconstrained graph
clustering algorithm can be used to find clusters of types 1n
the similarity graph. One example of linking attributes found
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within and across data sources that can be implemented by
the linkage discovery module 218 1s given 1n the commonly
owned and co-pending U.S. patent application Ser. No.
13/543,8°72, entitled “Linking Data Flements Based on
Similarity Data Values and Semantic Annotations”, which 1s
hereby incorporated by reference 1n 1ts entirety.

The local schema graphs of all the mput sources 112, 114
along with the discovered attribute and type linkages are
utilized by the data preprocessor 110 to build a global
schema graph. This graph provides a unified view over the
input sources, enables navigation, and allows the discovery
ol related attributes and types through schema and similar-
ity-based linkages. FIG. 11 shows a portion of a global
schema graph 1100 constructed for a plurality of heteroge-
neous data sources based on their local schema graphs and
their discovered attribute and type linkages.

In the example shown 1n FIG. 11, the global schema graph
1100 has been constructed by the data preprocessor 110
based on a first local schema graph 1102 generated for a first
dataset (e.g., file) with school location information for the
city of Dublin; a second local schema graph 1104 generated
for a second dataset with architectural heritage location
information for the city of Dublin, where the first and second
datasets are from the same data source represented by
dashed node 1106; a third local schema graph 1108 gener-
ated for a third data source (e.g., RDF graph) represented by
dashed node 1110; and a fourth local schema graph 1112
generated for a fourth data source (e.g., JSON-based data
source) represented by dashed node 1114.

In particular, a first dataset 1116 (represented by dashed-
dotted node) on national heritage sites 1 the city of Dublin
1s linked to a second dataset 1118 (represented by dashed-
dotted node) in the same source 1106 (represented by dashed
node) comprising school locations. These datasets 116, 118
are linked based on the similanity of the address/location
attributes 1120, 1122 (represented by dashed-double-dotted
nodes) 1 the two datasets 1116, 1118. The link 1s a discov-
ered link i1dentified by the linkage discovery module 218,
and 1s represented as a double-arrow-dashed-line 1124
between the address/location attributes 1120, 1124. In one
embodiment, this link 1124 i1s annotated with a similarity
value/index 1126 calculated by linkage discovery module
218 during the linkage discovery process discussed above.

The second dataset 1118 1s also linked to a fourth dataset
1128 (e.g., a type) represented by a dashed-dotted node that
comprises mformation on architectural buildings from Web
knowledge base data source 1114. These datasets 1118, 1128
are linked based on the similarity of the label and name
attributes 1130, 1132 1n the two datasets 1118, 1128, where
LABEL (an attribute 1n the schema graph of the Heritage
data set) 1s a column 1n this tabular (CSV) data set, and
NAME (an attribute 1n the schema graph of the Web
knowledge base RDF data source) 1s a property of class/
architecture/building 1n the RDF data. The link 1s a discov-
ered link identified by the linkage discovery module 218,
and 1s represented as a double-arrow-dashed-line 1134
between the label/name attributes 1130, 1132. In one
embodiment, this link 1134 i1s annotated with a similarity
value/index 1136.

The fourth dataset 1128 i1s linked to a third dataset 1138
(c.g., a type) represented by a dash-dot lined node that
comprises information about public locations (Place type 1n
an ontology) from another knowledge base data source 1110.
This link 1s based on the similarity of the name and rdf:label
attributes 1132, 1140 in the two datasets 1128, 1138, which
are properties of the parent classes (types) 1n the mput RDF
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discovery module 218, and 1s represented as a double-arrow-
dashed-line 1142 between the name/rdi:label attributes
1132, 1140. In one embodiment, this link 1142 1s annotated
with a computed similarity value/index 1144.

The discovered links 1124, 1134, 1142 implicitly show
that the data sets 1116, 1118, 1128, 1138 comprise informa-
tion about locations, and that there 1s potentially a connec-
tion between school locations and national heritage sites in
the city of Dublin. In FIG. 11, two type of links are
distinguished, namely explicit links (edges with solid lines
and a single arrowhead) that are inferred by looking at
hrough schema discovery, and discov-

individual sources t
ered links (edges with dashed lines and a double arrow head)
that require additional logic and consider multiple sources
(linkage discovery). For discovered links, the data prepro-
cessor 110 adds annotations to capture their computed
similarity, as well as the method by which the link was
discovered (e.g., MinHash, user generated, etc.). The global
schema graph governs and guides any user interaction. In
one embodiment, interactions with the global schema graph
are automatically and internally translated to SPARQL que-
ries. However, this 1s not required. It should be noted that in
some embodiments attribute-level links are extended to
type-level links such that links are generated between types.
Such links can be added, for example, when several users of
the system navigate from one type to another type and
navigation and query logs are analyzed to derive this rela-
tionship. Also, users can manually establish links between
types as well.

Guided Exploration

Once a global schema graph 1s built, guided data explo-
ration can be performed by the data processor 110 that
allows users to construct complex queries iteratively by
building on some basic building blocks. Guided exploration
comprises, for example, the following components: (1)
keyword search, (2) guided navigation, (3) construction of
virtual views, and (4) integration across virtual views to
build more complex queries. With respect to keyword
search, users 1nitiate their guided exploration with a key-
word search over the index created by the indexer 216. For
example, FIG. 12 shows one example of an interactive user
interface 1206 provided by the data processor 110. In this
example, a user has entered the keywords “accessible park-
ing” 1nto a search box 1202. The data processor 110 cus-
tomizes the search engine results 1204 1in such a manner that
the result set comprises not only the hits from the global
schema graph for the input keyword(s) (with each hit being
either a type or an attribute hit, and shown 1n the column
1208 labeled “matched”), but also the name of the data
source 1n which each hit appears (the column 1210 labeled
“source”). The search engine results are also customized to
provide the precise location of the hit within the source (the
column 1212 labeled *“description”). The search results can
be ranked ordered or sorted by values 1n any of the columns.

Guided data navigation 1s an iterative process performed
by the data processor 110 that assists users 1n confirming that
data that they are viewing 1s relevant to their tasks and 1n
discovering closely related data elements. Users initiate
navigation by choosing a hit on the search engine results
page 1204. The data processor 110 displays a page 1302
within the interactive user interface 1206 with three primary
components, a table 1304 comprising sample data for the
chosen hit and two lists 1306, 1308 of links to related
attributes and types (see FIG. 12). Clicking on one of these
links takes the user to a new data navigation screen popu-
lated with data and links for the attribute or type clicked on.
The presentation 1s unmiform regardless of the data model of
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the underlying data source. The user 1s guided to structurally
and semantically related attributes and types, reinforced at
cach step with sample data. The user 1s able to focus on the
data itself rather than how 1t 1s represented and accessed.

In one embodiment, the data processor 110 presents a
sample of popular nstance values to a user when he/she
drills down on a hit. This helps users decide 11 the selected
hit 1s relevant to their task. As discussed above, the data
processor 110 indexes both attributes and types in the
schema graph. If the hit 1s on an attribute, data processor 110
shows a sample of 1ts most popular instance values. In FIG.
13, sample data values for attribute dublinked/Accessi-
bleParking/ROADNAME are shown where dublinked/Ac-
cessibleParking refers to the type the attribute belongs to,
and ROADNAME refers to the attribute 1itself. If the hit 1s
on a type, the user can explore data associated with that type
using schema links.

Regardless of whether the hit reflects a type or an attri-
bute, the data processor 110 displays links found during the
schema discovery process discussed above. Schema links
inform users about other attributes and types in the vicinity
of the hit (1.e., 1n the same source) and can be relevant for
their task. This sort of navigation guides users to the right
data even 1f the original hit was not on the right attribute.
The list of schema links 1s navigable, and ordered by the
number of instances in the attribute.

For a given attribute or type hit, the data processor 110
shows links to other attributes or types that were discovered
during pre-processing. This list 1s ordered initially by the
similarity score calculated during pre-processing. As with
schema links, discovered links are navigable as well, and are
similar to recommendations for relevant data. A user vali-
dates a link indirectly by clicking on 1t and using the relevant
data from 1t. In this case, the data processor 110 boosts the
link between the two types (the type in the hit and the type
the user navigated to from the hit), or two attributes (again,
the attribute hit and the one the user navigated to) to the
maximal similarity value of 1.0, and annotates the link to
indicate that it 1s user validated. As a result, these links are
subsequently ranked higher when users again browse the
same hits and their associated links.

The navigation techniques discussed above help users find
relevant data after minimal navigation steps. Occasionally, a
hit 1s exactly what the user 1s looking for; at other times the
data of real interest 1s for a different attribute or type from
the same source as the hit; and sometimes one of the
discovered links for the hit gmides the user to more relevant
data 1n another source. The data processor 110 provides a
whole infrastructure to help users zero 1in on the data they
want to use. The navigation processor of one or more
embodiments, 1s more accurate and faster than using a
pure-text search-based approach that often lacks both the
context of the hits and the connections between hits and
other related areas of the search space.

When a user has found an interesting type, he/she can
construct a virtual view on that type, and save it 1n a data
shelf. Creating of a virtual view comprises customizing the
type on the guided navigation screen/page. At the interface
level, the user chooses various attributes of a type in tabular
form, and 1s not aware of the actual data format (e.g., XML,
JSON, RDF or RDBMS). The user actions 1s able to perform
projections, liltering and ordering on any of the attributes of
a selected type. In one embodiment, a ‘virtual” view corre-
sponds to a Basic Graph Pattern (BGP) in SPARQL, which
(in a basic form) starts with the template ?x type <I1>>, where
<> 1s a type, and adds statements of the form 7x <P> ?y,
as the user projects attribute P. Note that at the interface
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level, the user 1s not required to be aware of any formal
structured query language. The data processor 110 builds up
the structured query as the user interacts with a simplified
version of the data in 1ts tabular form. Filtering and ordering
are likewise internally represented using equivalent
SPARQL operators or other operator types.

Once a virtual view has been customized, the user can
save 1t to a data shelf which just saves, for example, a
SPARQL query to the user’s profile. In the process of saving
a virtual view, the user can also annotate 1t with terms that
more accurately describe 1t. These terms are also added to
the full text index (where the ‘document’ being indexed 1s
now a query), such that subsequent searches in guided
exploration can lead to hits on virtual views as well as
original datasets. As stated above, the action of saving a
virtual view 1s an indication of the usefulness of the guided
navigation step, and the data processor 110 boosts the
similarity values of discovered links followed during the
construction of the virtual view.

Simple virtual views can be used as building blocks for
more complex views. To build such views, the data proces-
sor 110 provides at least two operators that correspond
loosely to a JOIN and a UNION operation (the two are
surfaced to the user as “Link™ and “Pool” operations 1n the
user 1terface 206). The JOIN provided by the data proces-
sor 110 1s different from a standard JOIN 1n that it 1s a
semantic JOIN that corresponds to an instance linkage
operation between the instance data of different virtual
VIEWS.

The data sources being joined may not be in the same
format, and not all of the formats have uniform query
engines (or even have an engine in the case of CSV files or
Excel). Theretfore, the data processor 110 utilizes the global
schema graph as a semantic model that unifies distributed
data sources with direct schema mappings from the global
schema to each of the data source’s schema. Diflerences 1n
query engines (and languages) are then accommodated by
using (a) the global schema-to-local source schema map-
pings; (b) the SPARQL (or other) query over the global
schema defining the view; and (¢) knowledge regarding the
query language/API associated with the underlying source;
to translate the view specification 1n SPARQL (or other
language) to an appropriate query (e.g., SQL for relational,
XPath for XML) that 1s executed over the underlying source
and fetches the instance data. For data that does not have a
query engine (like CSV or Excel), the data processor 110
houses the data in a standard column-store to account for
variable schema across multiple datasets.

With the instance data in place, the data processor 110
performs the actual JOIN operation. Unless specified by the
user, the data processor 110 recommends a set of attribute
pairs on which the views may be linked. In some embodi-
ment, this recommendation 1s not purely based on the links
found during the linkage discovery process since attribute
and type similarity does not always imply that instance-level
linkages exist. For instance, two types maybe linked because
of similarities at the term level (e.g., based on common
usage of the term Bank), but actual instance values might
differ (e.g., Bank of America versus Apple Bank). Therefore,
in one embodiment, linkage point recommendations can be
based on automatic identification of these points as dis-
cussed 1 Hassanzadeh et al. “Discovering Linkage Points
over Web Data”, PVLDB, 6(6):444-456, 2013, which 1s
hereby incorporated by reference 1n 1ts entirety.

For example, the data processor 110 recommends a pair of
attributes as a linkage point 11 they can eflectively be used
to link instances of the two types. The linkage points are
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ranked based on their strength, which retflects the ability to

establish a reasonable number of one-to-one links between

the mnstances. In one embodiment, the data processor 110

considers all the attributes of the type 1n the view, not just

those explicit in the stored query. The user can then choose >
a pair (or pairs) of the recommended attributes. The data
processor 110 mvokes 1ts dynamic data instance linker 234
that uses, for example, fuzzy matching techniques to link the
views and presents the results 1402 (FIG. 14) to the user,
together with a confidence score 1404. The user can accept
the results 1402 by saving them to the shelf or go back and
choose different or additional linkage points and try again.
When a new view 1s saved, internally the SPARQL (or other)
algebra describing the view also records the selected linkage
points. In some embodiment, since each view 1s a BGP in
SPARQL (or other language), linkage points might occur
between variables that don’t necessarily have the same name
in the SPARQL. The linkage, 1n on embodiment, 1s therefore

expressed as a filter that calls a JOIN operation on the two 3¢
variables that are being joined.

Operational Flow Diagram

FIG. 15 1s an operational flow diagram illustrating one
example of a process for virtualizing data across heteroge-
neous formats. The operational tlow diagram of FIG. 15 25
beings at step 1502 and tlows directly to step 1504. The data
processor 110, at step 1504, receives a plurality of hetero-
geneous data sources as input. The data processor 110, at
step 1506, generates a local schema graph for each of the
plurality of heterogeneous data sources. Fach local schema
graph comprises a set of attribute nodes and a set of type
nodes. An attribute node corresponds to a schema element 1n
the heterogeneous data source comprising a domain with at
least one value. The attribute node 1s annotated with this
value(s) 1n the local schema graph. A type node corresponds
to a schema element 1n the heterogeneous data source whose
domain 1s defined recursively through at least one of one or
more attribute nodes and one or more other type nodes.

The data processor 110, at step 1508, associates a uniform 4
resource 1dentifier to each attribute and type node 1n each of
the local schema graphs. The data processor 110, at step
1510, also associates a uniform resource identifier to each
vale associated with each attribute node 1n each of the local
schema graphs. The data processor 110, at step 1512, 45
identifies one or more relationship links between different
type nodes and attribute nodes within and across each of the
local schema graphs. The data processor 110, at step 1514,
generates a global schema graph based on each local schema
graph that has been generated. The global schema graph 50
comprises each of the local schema graphs and at least one
edge between two or more attributes nodes from different
local schema graphs. The edge represents at least one of the
relationship links that has been 1dentified. The control flow
exits at step 1516. 55

Information Processing System

Referring now to FIG. 16, this figure 1s a block diagram
illustrating an information processing system that can be
utilized 1n various embodiments of the present disclosure.
The information processing system 1602 1s based upon a 60
suitably configured processing system configured to imple-
ment one or more embodiments of the present disclosure.
Any suitably configured processing system can be used as
the mnformation processing system 1602 1n embodiments of
the present disclosure. The components of the information 65
processing system 1602 can include, but are not limited to,
one or more processors or processing units 1604, a system
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memory 1606, and a bus 1608 that couples various system
components including the system memory 1606 to the
processor 1604.

The bus 1608 represents one or more of any of several
types of bus structures, including a memory bus or memory
controller, a peripheral bus, an accelerated graphics port, and
a processor or local bus using any of a variety of bus
architectures. By way of example, and not limitation, such
architectures include Industry Standard Architecture (ISA)
bus, Micro Channel Architecture (IMCA) bus, Enhanced ISA
(EISA) bus, Video Flectromics Standards Association

(VESA) local bus, and Peripheral Component Interconnects

(PCI) bus.

Although not shown in FIG. 16, the main memory 1606
includes at least the data processor 2 and its components
discussed above with respect to FIGS. 1 and 2. Each of these
components can reside within the processor 1604, or be a
separate hardware component. The system memory 1606
can also include computer system readable media in the
form of volatile memory, such as random access memory
(RAM) 1610 and/or cache memory 1612. The information
processing system 1602 can further include other remov-
able/non-removable, volatile/non-volatile computer system
storage media. By way of example only, a storage system
1614 can be provided for reading from and writing to a
non-removable or removable, non-volatile media such as
one or more solid state disks and/or magnetic media (typi-
cally called a “hard dnve”). A magnetic disk drive for
reading from and writing to a removable, non-volatile mag-
netic disk (e.g., a “floppy disk™), and an optical disk drive for
reading from or writing to a removable, non-volatile optical
disk such as a CD-ROM, DVD-ROM or other optical media
can be provided. In such instances, each can be connected to
the bus 1608 by one or more data media interfaces. The
memory 1606 can include at least one program product
having a set of program modules that are configured to carry
out the functions of an embodiment of the present disclo-
sure.

Program/utility 1616, having a set of program modules
1618, may be stored in memory 1606 by way of example,
and not limitation, as well as an operating system, one or
more application programs, other program modules, and
program data. Each of the operating system, one or more
application programs, other program modules, and program
data or some combination thereof, may include an 1mple-
mentation of a networking environment. Program modules
1618 generally carry out the functions and/or methodologies
of embodiments of the present disclosure.

The mformation processing system 1602 can also com-
municate with one or more external devices 1620 such as a
keyboard, a pointing device, a display 1622, etc.; one or
more devices that enable a user to interact with the infor-
mation processing system 1602; and/or any devices (e.g.,
network card, modem, etc.) that enable computer system/
server 1602 to communicate with one or more other com-
puting devices. Such communication can occur via [/O
interfaces 1624. Still yet, the information processing system
1602 can communicate with one or more networks such as
a local area network (LAN), a general wide area network
(WAN), and/or a public network (e.g., the Internet) via
network adapter 1626. As depicted, the network adapter
1626 communicates with the other components of 1nforma-
tion processing system 1602 via the bus 1608. Other hard-
ware and/or software components can also be used in
conjunction with the mformation processing system 1602.
Examples include, but are not limited to: microcode, device
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drivers, redundant processing units, external disk drive
arrays, RAID systems, tape drives, and data archival storage
systems.

Non-Limiting Examples

As will be appreciated by one skilled 1n the art, aspects of
the present invention may be a system, a method, and/or a
computer program product. The computer program product
may include a computer readable storage medium (or media)
having computer readable program instructions thereon for
causing a processor to carry out aspects of the present
invention.

The computer readable storage medium can be a tangible
device that can retain and store instructions for use by an
instruction execution device. The computer readable storage
medium may be, for example, but 1s not limited to, an
clectronic storage device, a magnetic storage device, an
optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination
of the foregoing. A non-exhaustive list of more specific
examples of the computer readable storage medium includes
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, a
floppy disk, a mechanically encoded device such as punch-
cards or raised structures in a groove having instructions
recorded thereon, and any suitable combination of the fore-
going. A computer readable storage medium, as used herein,
1s not to be construed as being transitory signals per se, such
as radio waves or other freely propagating electromagnetic
waves, electromagnetic waves propagating through a wave-
guide or other transmission media (e.g., light pulses passing
through a fiber-optic cable), or electrical signals transmitted
through a wire.

Computer readable program instructions described herein
can be downloaded to respective computing/processing
devices from a computer readable storage medium or to an
external computer or external storage device via a network,
for example, the Internet, a local area network, a wide area
network and/or a wireless network. The network may com-
prise copper transmission cables, optical transmission fibers,
wireless transmission, routers, firewalls, switches, gateway
computers, and/or edge servers. A network adapter card or
network interface 1 each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
instructions for storage i a computer readable storage
medium within the respective computing/processing device.

Computer readable program instructions for carrying out
operations of the present invention may be assembler
instructions, instruction-set-architecture (ISA) instructions,
machine i1nstructions, machine dependent instructions,
microcode, firmware instructions, state-setting data, or
either source code or object code written 1n any combination
of one or more programming languages, including an object
oriented programming language such as Smalltalk, C++ or
the like, and conventional procedural programming lan-
guages, such as the “C” programming language or similar
programming languages. The computer readable program
instructions may execute entirely on the user’s computer,
partly on the user’s computer, as a stand-alone software
package, partly on the user’s computer and partly on a
remote computer or entirely on the remote computer or

10

15

20

25

30

35

40

45

50

55

60

65

18

server. In the latter scenario, the remote computer may be
connected to the user’s computer through any type of
network, including a local area network (LAN) or a wide
area network (WAN), or the connection may be made to an
external computer (for example, through the Internet using
an Internet Service Provider). In some embodiments, elec-
tronic circuitry including, for example, programmable logic
circuitry, field-programmable gate arrays (FPGA), or pro-
grammable logic arrays (PLLA) may execute the computer
readable program 1nstructions by utilizing state information
of the computer readable program 1nstructions to personalize
the electronic circuitry, 1n order to perform aspects of the
present mvention.

Aspects of the present invention are described herein with
reference to flowchart 1llustrations and/or block diagrams of
methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the mvention. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks 1n the
flowchart 1llustrations and/or block diagrams, can be 1mple-
mented by computer readable program instructions.

These computer readable program instructions may be
provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the flowchart and/or block diagram block or blocks. These
computer readable program instructions may also be stored
in a computer readable storage medium that can direct a
computer, a programmable data processing apparatus, and/
or other devices to function 1n a particular manner, such that
the computer readable storage medium having instructions
stored therein comprises an article of manufacture including
instructions which implement aspects of the function/act
specified 1n the flowchart and/or block diagram block or
blocks.

The computer readable program instructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other device to cause a series of operational
steps to be performed on the computer, other programmable
apparatus or other device to produce a computer 1mple-
mented process, such that the instructions which execute on
the computer, other programmable apparatus, or other
device implement the functions/acts specified 1n the flow-
chart and/or block diagram block or blocks.

The flowchart and block diagrams 1n the Figures 1llustrate
the architecture, functionality, and operation of possible
implementations of systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block 1n the flowchart
or block diagrams may represent a module, segment, or
portion of 1nstructions, which comprises one or more
executable instructions for implementing the specified logi-
cal function(s). In some alternative implementations, the
functions noted 1n the block may occur out of the order noted
in the figures. For example, two blocks shown 1n succession
may, i fact, be executed substantially concurrently, or the
blocks may sometimes be executed in the reverse order,
depending upon the functionality mvolved. It will also be
noted that each block of the block diagrams and/or flowchart
illustration, and combinations of blocks in the block dia-
grams and/or flowchart illustration, can be implemented by
special purpose hardware-based systems that perform the
specified functions or acts or carry out combinations of
special purpose hardware and computer instructions.
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The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
be further understood that the terms “comprises” and/or
“comprising,” when used 1n this specification, specily the
presence of stated features, integers, steps, operations, e¢le-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

The description of the present immvention has been pre-
sented for purposes of 1llustration and description, but 1s not
intended to be exhaustive or limited to the invention 1n the
form disclosed. Many modifications and vanations will be
apparent to those of ordinary skill in the art without depart-
ing from the scope and spirit of the invention. The embodi-
ment was chosen and described 1n order to best explain the
principles of the invention and the practical application, and
to enable others of ordinary skill 1n the art to understand the
invention for various embodiments with various modifica-
tions as are suited to the particular use contemplated.

What 1s claimed 1s:

1. A method, by at least one information processing
system, for virtualizing data across heterogeneous formats,
the method comprising:

receiving, as mput, a plurality of heterogeneous data

SOUrces;
generating, independent of receiving a query to be per-
formed on the plurality of heterogeneous data sources
and after recerving the plurality of heterogeneous data
sources as input and for each of the plurality of het-
crogenecous data sources, a local schema graph com-
prising a set of attribute nodes and a set of type nodes
corresponding to data within the heterogeneous data
source, the local schema graph being separate and
distinct from the heterogeneous data source, wherein an
attribute node corresponds to a schema element 1n the
heterogeneous data source comprising a domain with at
least one value and 1s annotated with the value 1n the
local schema graph, and wherein a type node corre-
sponds to a schema element 1n the heterogeneous data
source whose domain 1s defined recursively through at
least one of one or more attribute nodes and one or
more other type nodes;
generating, independent of receiving a query to be per-
formed on the plurality of heterogeneous data sources,
a global schema graph based on each local schema
graph that has been generated, wheremn the global
schema graph comprises each of the local schema
graphs and their components and further comprises and
at least one edge between at least one of two or more
attributes nodes and two or more type nodes from
different local schema graphs, and wherein the edge
indicates a relationship between the data sources rep-
resented by the different local schema graphs compris-

ing the two or more attributes nodes based on a

computed similarity between at least one value asso-

ciated with each of the two or more attributes nodes;

after the global schema graph has been generated, receiv-
ing a query to be performed on the heterogeneous data
sources through a user interface;

presenting a plurality of search results obtained from one
or more of the plurality of heterogeneous data sources
based on the global schema graph; and

providing guided data navigation of the search results
through the user interface by
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displaying, for a search result selected from the plural-
ity of search results, sample data and links to related
attributes or types, wherein the links to the related
attributes or types are selectable by a user through
the user interface, and

displaying, for a selected link to one or more of the

related attributes or one or more of the types, sample
data of the one or more attributes or the one or more
types associated with the selected link, and further
displaying links to related attributes or types.
2. The method of claim 1, wherein two or more of the
plurality of heterogeneous data sources comprises a different
one of:
structured data;
semi-structured data;
relational data; and
Resource Description Framework-based data.
3. The method of claim 1, wherein generating the local
schema graph comprises:
determiming that the heterogeneous data source comprises
one of structured and semi-structured data;

identifying a plurality of elements in the one of structured
and semi-structured data and a value associated with
each element;
generating at least one root node, wherein the root node
1s a type node and represents the heterogeneous data
SOUrCe;

generating a node for each of the plurality of elements,
wherein the node 1s one of an attribute node and a type
node; and

annotating each attribute node with the value associated

with the element represented by the attribute node.

4. The method of claim 1, wherein generating the local
schema graph comprises:

determining that the heterogeneous data source comprises

relational data;

identifying at least one table 1n the relational data;

identitying each column within the table;

generating a type node representing the table;

generating an attribute node representing each column

within the table;

annotating each attribute with at least at least one value 1n

a record of the table; and

generating an edge between each attribute node and the

type node.

5. The method of claim 4, wherein generating the local
schema graph further comprises:

identifying at least one additional table in the relational

data;

generating at least one additional type node representing,

the additional table; and

generating an edge between the type node and the addi-

tional type node based on at least one foreign key
relationship between the table and the additional table.

6. The method of claim 1, wherein generating the local
schema graph further comprises:

determiming that the heterogeneous data source comprises

Resource Description Framework-based data;
identifying at least one class 1n the Resource Description
Framework-based data;
identifying each property with at least one value 1n the
Resource Description Framework-based data associ-
ated with the class;

generating a type node for the class;

generating an attribute node for each property that has

been 1dentified; and
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annotating each attribute node with the at least one value
associated with the property represented by the attri-
bute node.
7. The method of claim 1, further comprising:
tokenizing and indexing each value from each local 5
schema graph; and
associating a uniform resource identifier with each value
from each local schema graph based on the tokenizing
and indexing.
8. The method of claim 1, wherein generating a global 10
schema graph further comprises:
annotating the edge with a measure of the similarity.
9. The method of claim 1, wherein generating the local
schema graph further comprises:
associating at least one uniform resource identifier to each 15
of the set of attribute nodes and the set of type nodes.
10. An mformation processing system for virtualizing
data across heterogeneous formats, the information process-
Ing system comprising:
a memory; 20
a processor communicatively coupled to the memory; and
a data processor communicatively coupled to the memory
and the processor, wherein the data processor 1s con-
figured to perform a method comprising:
receiving, as input, a plurality of heterogeneous data 25
SOUrces;
generating, independent of recerving a query to be
performed on the plurality of heterogeneous data
sources and after receiving the plurality of hetero-
geneous data sources as input and for each of the 30
plurality of heterogeneous data sources, a local
schema graph comprising a set of attribute nodes and
a set of type nodes corresponding to data within the
heterogeneous data source, the local schema graph
being separate and distinct from the heterogeneous 35
data source, wherein an attribute node corresponds to
a schema element in the heterogeneous data source
comprising a domain with at least one value and 1s
annotated with the value 1n the local schema graph,
and wherein a type node corresponds to a schema 40
clement 1n the heterogenecous data source whose
domain 1s defined recursively through at least one of
one or more attribute nodes and one or more other
type nodes, where local schema graphs for different
types of heterogeneous data sources of the plurality 45
ol heterogeneous data sources are generated using a
different schema discovery process;

generating, imdependent of recerving a query to be
performed on the plurality of heterogeneous data
sources, a global schema graph based on each local 50
schema graph that has been generated, wherein the
global schema graph comprises each of the local
schema graphs and their components and further
comprises at least one edge between at least one of
two or more attributes nodes and two or more type 55
nodes from different local schema graphs, and
wherein the edge indicates a relationship between the
data sources represented by the different local
schema graphs comprising the two or more attributes
nodes based on a computed similarity between at 60
least one value associated with each of the two or
more attributes nodes;

presenting a plurality of search results obtained from
one or more of the plurality of heterogeneous data
sources based on the global schema graph; and 65

providing guided data navigation of the search results
through the user interface by
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displaying, for a search result selected from the
plurality of search results, sample data and links to
related attributes or types, wherein the links to the
related attributes or types are selectable by a user
through the user interface, and
displaying, for a selected link to one or more of the
related attributes or one or more of the types,
sample data of the one or more attributes or the
one or more types associated with the selected
link, and further displaying links to related attri-
butes or types.
11. The information processing system of claim 10,

wherein generating the local schema graph comprises:

determining that the heterogeneous data source comprises
one of structured and semi-structured data;

identifying a plurality of elements in the one of structured
and semi-structured data and a value associated with
each element;

generating at least one root node, wherein the root node
1s a type node and represents the heterogeneous data
SOUrcCe;

generating a node for each of the plurality of elements,
wherein the node 1s one of an attribute node and a type
node; and

annotating each attribute node with the value associated
with the element represented by the attribute node.

12. The information processing system of claim 10,

wherein generating the local schema graph comprises:

determining that the heterogeneous data source comprises
relational data;

identifying at least one table 1n the relational data;

identifying each column within the table;

generating a type node representing the table;

generating an attribute node representing each column
within the table;

annotating each attribute with at least at least one value 1n
a record of the table; and

generating an edge between each attribute node and the
type node.

13. The imformation processing system ol claim 12,

wherein generating the local schema graph further com-
Prises:

identifying at least one additional table in the relational
data;

generating at least one additional type node representing
the additional table; and

generating an edge between the type node and the addi-
tional type node based on at least one foreign key
relationship between the table and the additional table.

14. The mformation processing system of claim 10,

wherein generating the local schema graph further com-
Prises:

determiming that the heterogeneous data source comprises
Resource Description Framework-based data;

identifying at least one class 1n the Resource Description
Framework-based data;

identifying each property with at least one value 1n the
Resource Description Framework-based data associ-
ated with the class;

generating a type node for the class;

generating an attribute node for each property that has
been 1dentified; and

annotating each attribute node with the at least one value
associated with the property represented by the attri-
bute node.
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displaying, for a selected link to one or more of the
related attributes or one or more of the types,
sample data of the one or more attributes or the
one or more types associated with the selected
link, and further displaying links to related attri-
butes or types.
17. The computer program product of claim 16, wherein
generating the local schema graph comprises:
determining that the heterogeneous data source comprises
one of structured and semi-structured data;
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15. The information processing system of claim 10,
wherein the method further comprises:
tokenizing and indexing each value from each local
schema graph; and
associating a uniform resource identifier with each value >
from each local schema graph based on the tokenizing
and indexing.
16. A computer program product for virtualizing data
across heterogeneous formats, the computer program prod-

plurality of search results, sample data and links to
related attributes or types, wherein the links to the
related attributes or types are selectable by a user
through the user interface, and

. 10 : C . .
uct comprising: identifying a plurality of elements 1n the one of structured
a non-transitory storage medium readable by a processing and semi-structured data and a value associated with
circuit and storing instructions for execution by the each.element; _
processing circuit for performing a method comprising: geperatmg at least one root node, wherein the root node
receiving, as input, a plurality of heterogeneous data 5 1s a type node and represents the heterogeneous data
SOUrces: SOUICE,
generating, independent of receiving a query to be generatu}g a node fqr each of the plurahty of elements,
performed on the plurality of heterogeneous data wherein the node 1s one of an attribute node and a type
sources and after receiving the plurality of hetero- nodeg, and . . .
geneous data sources as input and for each of the annotating each attribute node with the value associated
plurality of heterogeneous data sources, a local 20 with the element represented by the attribute node.
schema graph comprising a set of attribute nodes and 18. rfhe iﬁm%)utelr progtain pml(llmt of ?1311?1 16, wherein
a set of type nodes, corresponding to data within the SUICTATIE “HE 0GR SLACHIE STdpll COLIPTISES. .
heterogeneous data source the local schema graph determ%mng that the heterogeneous data source comprises
being separate and distinct from the heterogeneous .dreiﬁflt?nal E[iellta; t e it P
data source, wherein an attribute node corresponds to %den pyg d Eas 1011@ a _eh;ﬂ he re]j]l 1.011:51 a;
a schema element 1n the heterogeneous data source : entld?[/‘mg cdtll Lo ucllnn within j[[-_-’le t‘tah etj e
comprising a domain with at least one value and is generaling a type node representing the table;
annotated with the value in the local schema graph, generating an attribute node representing each column
and wherein a type node corresponds to a schema ,, Wlthl_n the table,. . .
element in the heterogeneous data source whose annotating each attribute with at least at least one value 1n
domain 1s defined recursively through at least one of < TECO rd of the table; and .
one or more attribute nodes and one or more other generating an edge between each attribute node and the
type nodes; 1901 o duct of claim 18, wherei
generating, independent of receiving a query to be 44 - HAE computer program product ol claim >, Wlereln
performed on the plurality of heterogeneous data generating the local schema 2f qph further COHMPHSES.
sources, a global schema graph based on each local identifying at least one additional table in the relational
schema graph that has been generated, wherein the data;. L .
olobal schema graph comprises each of the local generatlng :;51’[ least one additional type node representing
schema graphs and their components and further ,, the a_d ditional table; and .
comprises at least one edge between at least one of geqeratmg an edge between the type node and tl}e addi-
two or more attributes nodes and two or more type tlongl type node based on at least one ‘ﬂ‘:)relgn key
nodes from different local schema graphs, and relationship between the table and the additional table.
wherein the edge indicates a relationship between the 20. Ehe iﬁm{)me]r progrdm pml(llufirt?lf claim 16_: W.herem
data sources represented by the different local . SCNCTdLE e Jotdl SLACHd 2Hdp ob COTLPHISES.
schema graphs comprising the two or more attributes determiming that thg heterogeneous data source comprises
nodes based on a computed similarity between at _ Re'sogrce Description Fran:lework-based data; .
least one value associated with each of the two or identifying at least one class 1n the Resource Description
more attributes nodes; ” Frgm.ework-lzl)lased data, ot ] lue in th
presenting a plurality of search results obtained from dentifying eac property with al least one value 1n the
one or more of the plurality of heterogeneous data Resourf:e Description Framework-based data associ-
sources based on the global schema graph; and ated _Wlth the Class(;l o the clace.
providing guided data navigation of the search results generating a type node Ior the class;
through the user interface by generating an attribute node for each property that has
displaying, for a search result selected from the .. been 1dentified; and

annotating each attribute node with the at least one value
associated with the property represented by the attri-
bute node.
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