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ABSTRACT

In one aspect, in general, a method of generating a dataflow graph (716)
representing a database query (702) includes receiving a query plan (714) from a plan
generator (748), the query plan representing operations for executing a database query
on at least one input (734a, 734b) representing a source of data (726a, 726b), producing
a dataflow graph from the query plan, wherein the dataflow graph includes at least one
node that represents at least one operation represented by the query plan, and includes
at least one link that represents at least one dataflow associated with the query plan, and
altering one or more components of the dataflow graph based on at least one

characteristic of the at least one input representing the source of data.
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MANAGING DATA QUERIES

This 1s a divisional application of Canadian Patent Application Serial No. 2,828,914
filed on April 30, 2012.

BACKGROUND

This description relates to managing data queries.

Data can be stored in databases and arranged in various forms such as database
tables. A database table can contain a set of data having a common theme or purpose. The
arrangement of a database table can be defined by a database scheme, and multiple database
tables can have similar or identical arrangements. Further, the contents of a database and its
associated database tables can change over time as data is adjusted, appended or deleted.
Various techniques can be used to transfer data into and out of a database and to manipulate
the data in the database.

It should be understood that the expression “the invention” and the like used herein
may refer to subject matter claimed in either the parent or the divisional applications.

SUMMARY

In one aspect, 1n general, a method of generating a dataflow graph representing a
database query includes receiving a query plan from a plan generator, the query plan
representing operations for executing a database query on at least one input representing a
source of data, producing a dataflow graph from the query plan, wherein the dataflow graph

includes at least one node that represents at least one operation represented by the query plan,

and includes at least one link that represents at least one dataflow associated with the query
plan, and altering one or more components of the dataflow graph based on at least one
characteristic of the at least one input representing the source of data.

Aspects can include one or more of the following features. Altering one or more
components of the datatlow graph includes removing at least one component of the dataflow
graph. The component of the graph corresponds to an operation represented by the query

plan. The at least one operation is capable of being performed by executable functionality

associated with the source of data represented by the at least one input. A characteristic of

-1-
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the at least one input includes executable functionality associated with the source of data
represented by the input. The executable functionality includes sorting functionality.
Altering one or more components of the dataflow graph includes merging a first
component representing a first operation applicable to a first input and a second

component representing a second operation applicable to a second input into a single

-1a-
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component, the single cbmponent representing a single operation equivalent to the first
operation and the second operation, the single operation applicable to the first imput and
the second input. Altering one or more components of the dataflow graph includes
merging a first input component representing a first source of data and a second input

5  component representing a second source of data into a single input component, the single
input component inchuding an operation to access data of the first source of data and the
second source of data. Altering one or more components of the dataflow graph includes
removing a first component Epresenﬁng a first operation applicable to a first input and
applying a second componeﬁ to the first input, the second component representing a

10  second operation corresponding to the same functionality as the first operation, and the
second operation applicable to a second input. The method also includes identifying
functionality associated with a database associated with a component representing the at
least one source of data, and based on the identification, configuring the component to
provide a database query to the database. The at least one input representing a dataset

15 includes at least one of a data file, a database table, output of a second dataflow graph,
and a network socket. Output of the dataflow graph 18 assigned to at least one of a data
file, a database table, a second dataflow graph, and a network socket. The database query
includes an SQL query. The dataflow graph mcludes a component configured to receive
output from the plan generatér.

20 In another aspect, in general, a computer-readable medium stores a computer
program for generating a dataflow graph representing 2 database query, and the computer
program includes instructions for causing a computer to receive a query plan from a plan
generator, the query plan representing operations for executing a database query on at
least one mput representing a source of data, produce a dataflow graph from the query

25  plan, wherein the dataflow graph includes at least one node that represents at least one
operation represented by the query plan, and includes at least one link that represents at
least one dataflow associated with the query plan, and alter one or more components of

the dataflow graph based on at least one characteristic of the at least one input

representing the source of data.,
30 In another aspect, in general, a system for generating a dataflow graph
represcnting a database query includes means for receiving a query plan from a plan
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generator, the query plan representing operations for executing a database query on at
least one input representing a source of data, means for producing a dataflow graph from

- the query plan, wherein the dataflow graph includes at least one node that represents at

least one operation represented by the query plan, and includes at least one link that
represents at least one dataflow associated with the query plan, and means for altering
one or more components of the dataflow graph based on at least one characteristic of the

at least one input representing the source of data.

In another aspect, in general, a system for generating a dataflow graph
representing a database query includes a computer system configured to receive a query
plan from a plan generator, the query plan representing operations for executing a
database query on at least one input representing a source of data, produce a dataflow
graph from the query plan, whercin the dataflow graph includes at least one node that
represents at least one operation represented by the query plan, and includes at least one
link that reprcsents at least one dataflow associated with the query plan, and alter one or
more components of the dataflow graph based on at least one characteristic of the at least

representing & database query includes an interface in communication with a plan
gencrator that provides a query plan, the query plan representing operations for executing
a database query on at least one input representing a source of data, and a processor
configured to produce a dataflow graph from the query plan provided by the plan
generator, wherein the dataflow graph includes at least one node that represents at least
one operation represented by the query plan, and includes at least one link that represents
at least one dataflow associated with the query plan, and alter ;mc Or more components of
the dataflow graph based on at least one characteristic of the at least one input -
representing the sourcé of data.

In one aspect, there is provided a method of operating on data from a data source,
the data stored in a tangible, non-transitory computer-readable medium of the data source,
the operating based on a query that is expressed in accordance with a query language
applicable to a relational database, the operating including executing the query on an
executing system other than a system managing a relational database, the executing

including:
receiving a query;
identifying a data source based on the query, the data source being associated with

a system managing the data source;
-3-
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identifying an executing system other than a system managing a relational
database;
generating a request to a query planner based on the query;
providing the request to the query planner;
receiving a query plan generated by the query planner based on the request, the
query plan including a description of one or more steps to be performed by a system
managing a relational database;
generating, based on the query plan, a data structure instantiating a dataflow graph
that includes:
a first node that represents at least one operation to be executed,
the first node associated with information usable by an executing system

to invoke executable program code to perform the operation,
the first node associated with information usable by an executing system

to make data available to the program code, and

the operation being chosen based on a first step described by the query
plan; and

a second node associated with information usable by an executing system
to invoke executable program code that causes a request to perform at least one
operation chosen based on a second step described by the query plan to be
transmitted to the system managing the data source;

receiving data from the data source; and

executing, on the identified executing system, program code based on the

dataflow graph.
In one aspect, there is provided a system for operating on data from a data source,

the data stored in a tangible, non-transitory computer-readable medium of the data source,

the operating based on a query that is expressed in accordance with a query language
applicable to a relational database, the system configured to execute operations for:

receiving a query;

identifying a data source based on the query, the data source being associated with
a system managing the data source;

identifying an executing system other than a system managing a relational
database;

generating a request to a query planner based on the query;

providing the request to the query planner;

receiving a query plan generated by the query planner based on the request, the
query plan including a description of one or more steps to be performed by a system

-3q-~

CA 3022073 2018-10-25



managing a relational database;
generating, based on the query plan, a data structure instantiating a dataflow graph

that includes:
a first node that represents at least one operation to be executed,

5 the first node associated with information usable by an executing system

to invoke executable program code to perform the operation,
the first node associated with information usable by an executing system

to make data available to the program code, and
the operation being chosen based on a first step described by the query

10 plan; and
a second node associated with information usable by an executing system
to invoke executable program code that causes a request to perform at least one
operation chosen based on a second step described By the query plan to be
transmitted to the system managing the data source;
15 receiving data from the data source; and
executing, on the identified executing system, program code based on the
dataflow graph.
In one aspect, there is provided a non-transitory computer-readable medium
including computer-executable instructions for operating on data from a data source, the
20  data stored in a tangible, non-transitory computer-readable medium of the data source, the
operating based on a query that is expressed in accordance with a query language applicable
to a relational database, the operating including executing the query on an executing system
other than a system managing a relational database, the executable instructions causing a
computer to carry out steps including:
25 receiving a query;
identifying a data source based on the query, the data source being associated with
a system managing the data source;
identifying an executing system other than a system managing a relational
database;
30 generating a request to a query planner based on the query;
providing the request to the query planner;
receiving a query plan generated by the query planner based on the request, the
query plan including a description of one or more steps to be performed by a system
managing a relational database;
35 generating, based on the query plan, a data structure instantiating a dataflow graph

that includes:
-3b-
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a first node that represents at least one operation to be executed,
the first node associated with information usable by an executing system to

invoke executable program code to perform the operation,
the first node associated with information usable by an executing system to

5 make data available to the program code, and
the operation being chosen based on a first step described by the query plan,

and
a second node associated with information usable by an executing system to

invoke executable program code that causes a request to perform at least one
10 operation chosen based on a second step described by the query plan to be
transmitted to the system managing the data source;
receiving data from the data source; and
executing, on the identified executing system, program code based on the
dataflow graph.

15 In one aspect, there is provided a system for operating on data from a data source,
the data stored in a tangible, non-transitory computer-readable medium of the data source,
the operating based on a query that is expressed in accordance with a query language
applicable to a relational database, the system including:

means for receiving a query;

20 means for identifying a data source based on the query, the data source being

associated with a system managing the data source;
'means for identifying an executing system other than a system managing a
relational database;
means for generating a request to a query planner based on the query;
25 means for providing the request to the query planner;
means for receiving a query plan generated by the query planner based on the
request, the query plan including a description of one or more steps to be performed by a
system managing a relational database;
means for generating, based on the query plan, a data structure instantiating a
30  dataflow graph that includes:
a first node that represents at least one operation to be executed,
the first node associated with information usable by an executing system
to invoke executable program code to perform the operation,
the first node associated with information usable by an executing system

35 to make data available to the program code, and

-3C-
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the operation being chosen based on a first step described by the query
plan; and

a second node associated with information usable by an executing system
to invoke executable program code that causes a request to perform at least one
operation chosen based on a second step described by the query plan to be

transmitted to the system managing the data source;
means for receiving data from the data source; and

means for executing, on the identified executing system, program code
based on the dataflow graph.

In one aspect, there is provided a computer-implemented method of operating on
data from at least two data sources, the data stored in respective tangible, non-transitory
computer-readable media of the data sources, the operating based on a query that is
expressed in accordance with a query language applicable to a relational database, the
operating including executing the query on an executing system other than a system
managing a relational database, the executing including:

receiving a query;

identifying a first data source based on the query;

identifying a second data source based on the query, the second data source being
associated with at least some data processing capability different from at least some data
processing capability of the first data source;

identifying an executing system other than a system managing a relational
database;

generating a request to a query planner based on the query;

providing the request to the query planner;

receiving a query plan generated by the query planner based on the request, the
query plan including a description of one or more steps for performance by a system

managing a relational database;
generating a dataflow graph that includes at least one data processing operation

for execution, the at least one data processing operation including at least one of a data
selection operation, a sort operation, a data summarization operation, or a combination
operation, wherein the at least one data processing operation is chosen based on a
particular step described by the query plan, and the particular step corresponds to the at
least one of a data selection operation, a sort operation, a data summarization operation, or a
combination operation;

receiving data from the first data source and the second data source; and

-3d-
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executing, on the identified executing system, program code based on the dataflow
graph.

In one aspect, there is provided a system for operating on data from at least two
data sources, the data stored in respective tangible, non-transitory computer-readable media
of the data sources, the operating based on a query that is expressed in accordance with a
query language applicable to a relational database, the system configured to execute

operations for:

receiving a query;

identifying a first data source based on the query;

identifying a second data source based on the query, the second data source being
associated with at least some data processing capability different from at least some data
processing capability of the first data source;

identifying an executing system other than a system managing a relational
database;

generating a request to a query planner based on the query;

' providing the request to the query planner;

‘receiving a query plan generated by the query planner based on the request, the

query plan including a description of one or more steps for performance by a system

managing a relational database;
generating a dataflow graph that includes at least one data processing operation

for execution, the at least one data processing operation including at least one of a data
selection operation, a sort operation, a data summarization operation, or a combination
operation, wherein the at least one data processing operation is chosen based on a

particular step described by the query plan, and the particular step corresponds to the at
least one of a data selection operation, a sort operation, a data summarization operation, or a
combination operation;

receiving data from the first data source and the second data source: and

executing, on the identified executing system, program code based on the dataflow

graph.
In one aspect, there is provided a system for operating on data from at least two

data sources, the data stored in respective tangible, non-transitory computer-readable media
of the data sources, the operating based on a query that is expressed in accordance with a
qued language applicable to a relational database, the system including:

means for receiving a query;

means for identifying a first data source based on the query;

-3e-
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means for identifying a second data source based on the query, the second data
source being associated with at least some data processing capability different from at least
some data processing capability of the first data source;

means for identifying an executing system other than a system managing a
relational database;
means for generating a request to a query planner based on the query;

means for providing the request to the query planner;

means for receiving a query plan generated by the query planner based on the

request, the query plan including a description of one or more steps for performance by a

system managing a relational database;
means for generating a dataflow graph that includes at least one data processing

operation for execution, the at least one data processing operation including at least one of a
data selection operation, a sort operation, a data summarization operation, or a combination
operation, wherein the at least one data processing operation is chosen based on a
particular step described by the query plan, and the particular step corresponds to the at
least one of a data selection operation, a sort operation, a data summarization operation, or a
combination operation;

means for receiving data from the first data source and the second data source; and

means for executing, on the identified executing system, program code based on
the dataflow graph.

In one aspect, there i1s provided a non-transitory computer-readable medium
including computer-executable instructions for operating on data from at least two data
sources, the data stored in respective tangible, non-transitory computer-readable media of
the data sources, the operating based on a query that is expressed in accordance with a
query language applicable to a relational database, the operating including executing the
query on an executing system other than a system managing a relational database, the
executable instructions causing a computer to carry oﬁt steps including:

receiving a query;

identifying a first data source based on the query;

identifying a second data source based on the query, the second data source being
associated with at least some data processing capability different from at least some data
processing capability of the first data source;

identifying an executing system other than a system managing a relational
database;

generating a request to a query planner based on the query:;

providing the request to the query planner;
3f-
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receiving a query plan generated by the query planner based on the request, the
query plan including a description of one or more steps for performance by a system
managing a relational database;

generating a dataflow graph that includes at least one data processing operation
for execution, the at least one data processing operation including at least one of a data
selection operation, a sort operation, a data summarization operation, or a combination
operation, wherein the at least one data processing operation is chosen based on a
particular step described by the query plan, and the particular step corresponds to the at
least one of a data selection operation, a sort operation, a data summarization operation, or a
combination operation;

receiving data from the first data source and the second data source; and

executing, on the identified executing system, program code based on the dataflow

graph.
In one aspect, there is provided a computer-implemented method of operating on

data of at least two data sources, the method including:
receiving a query plan corresponding to a query that is expressed in accordance
with a query language applicable to a relational database, the query plan including a

description of one or more steps for performance by a system managing a relational

database;

generating a set of operations that includes at least one data processing operation
for execution, the at least one data processing operation including at least one of a data
selection operation, a sort operation, a data summarization Operation, or a combination
operation, wherein the at least one data processing operation is chosen based on a particular
step described by the query plan, and the particular step corresponds to the at least one of a
data selection operation, a sort operation, a data summarization operation, or a combination
operation;

receiving data from a first data source and a second data source, the second data
source being associated with at least some data processing capability different from at least
some data processing capability of the first data source; and

executing, on an executing system other than a system managing a relational
database, program code based on the set of operations, whereby executing the program
code produces results of the query.

In one aspect, there is provided a system, including one or more computer
processors, for operating on data of at least two data sources, the system configured for:

receiving a query plan corresponding to a query that is expressed in accordance

with a query language applicable to a relational database, the query plan including a
-3 2-
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description of one or more steps for performance by a system managing a relational
database;

generating a set of operations that includes at least one data processing operation
for execution, the at least one data processing operation including at least one of a data
selection operation, a sort operation, a data summarization operation, or a combination
operation, wherein the at least one data processing operation is chosen based on a particular
step described by the query plan, and the particular step corresponds to the at least one of a
data selection operation, a sort operation, a data summarization operation, or a combination
operation;

receiving data from a first data source and a second data source, the second data
source being associated with at least some data processing capability different from at least
some data processing capability of the first data source; and

executing, on an executing system other than a system managing a relational

database, program code based on the set of operations, whereby executing the program

code produces results of the query.
In one aspect, there is provided a non-transitory computer-readable storage device

including computer-executable instructions for operating on data from at least two data
sources, the computer-executable instructions for:

receiving a query plan corresponding to a query that is expressed in accordance
with a query language applicable to a relational database, the query plan including a
description of one or more steps for performance by a system managing a relational
database;

generating a set of operations that includes at least one data processing operation
for execution, the at least one data processing operation including at least one of a data
selection operation, a sort operation, a data summarization operation, or a combination
operation, wherein the at least one data processing operation is chosen based on a particular
step described by the query plan, and the particular step corresponds to the at least one of a
data selection operation, a sort operation, a data summarization operation, or a combination
operation;

recelving data from a first data source and a second data source, the second data
source being associated with at least some data processing capability different from at least
some data processing capability of the first data source; and

executing, on an executing system other than a system managing a relational

database, program code based on the set of operations, whereby executing the program
code produces results of the query.

-3h-

CA 3022073 2018-10-25



DESCRIPTION OF DRAWINGS

FIG. 1 is a block diagram of a dataflow graph.
FIG 2. [llustrates a database query and a dataflow graph.

FIG. 3 is in an overview of a database system and associated components.

5 FIG. 4 represents the execution of a dataflow graph.

-3i-
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FIG. § is a database table and a structural representation of a database table.
FIG. 6 illustrates a database query and a dataflow graph each containing an

executable function.
FIG. 7 is an overview of a database system and associated components.

FIG. 8 illustrates a query plan and dataflow graphs.
FIG. 9 illustrates a database query user interface.

FIGS. 10-11 iltustrate a query plan and dataflow graphs.
FIG. 12 is a flowchart for operations of a database system.

DESCRIPTION

1 Databases, Queries, and Graphs
A database management system handles data stored in one or more databases. To

storc such data, database storage can take one or more forms such as database tables,
which can be collections of da:ta organized into data structures such as rows and columns.
In one construct, each row rqiresents a record of data, and each column represents a field
within each of the rows.

The information contained in a database can be accessed and processed (e.g.,
modified) using database querics. A database query is a set of instructions describing a
subset of the database contents and actions to take upon the data in that subset. For
example, some database systems perform database queries written in a dedicated database
query language such as Structured Query Language (SQL). In these database systems, an
SQL query is the primary instrument for manipulating the contents of the database.

In some implementations, database queries and other computations are associated
with a database management system in a graphical representation. For example, data
may be represented as passing through a collection of operations, referred to as a
dataflow. In one arrangcment; a dataflow may be provided through a directed graph,
with conponents of the computation being associated with the vertices of the graph and
dataflows between the compenents corresponding to links (arcs, edges) of the graph. A
graph is a modular entity and fnay be connected to or combined with other modular

graphs. Each graph can be made up of one or more other graphs, and a particular graph

CA 3022073 2018-10-25
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can be a component in a larger graph. A graphical development environment (GDE)

. provides a user interface for spec:lfymg executable graphs and defining parameters for the

graph components. A system that implements such graph-based computations is
described m U.S. Patent 5,966,072, EXECUTING COMPUTATIONS EXPRESSED AS GRAPHS.

Referring to FIG. 1, an example of a dataflow graph 101 (as represented in an
exemplary user interface) includes an input component 102 providing a collection of data
to be procmed by the executable components 104a — 104j of the dataflow graph 101. In
some examples, the input Wmt 102 1s a data source that can include data records

associated with a database system or transactions associated with a transaction processing
system. The data records may be stored in various forms such as a database table, for
example. Each executable component 104a — 104; is associated with a portion of the
computation dcfined by the overall dataflow graph 101. Work elements (e.g., individual
data records from the data collection or database table) enter one or more input ports of a
component, and output work elements (which are m some cases the input work elements,
or processed versions of the mput work elements) typically leave one or more output
ports of the component. In dataflow graph 101, output work elements from components
104e, 104g, and 104; are stored in output data components 102a — 102c.

The mput component 102 and the output data components 102a — 102c¢, for
example, could each provide access to any one of a data file, a database table, output of a
second dataflow graph, a network socket, or another source of data.

Some graph-based database systems are used to process database queries. For
example, a database query can be applied to one or more database tables to extract an
identified subset of the database table contents, for example, for processmg mn a dataflow.
In some implementations, a graph-based database system accepts and executes database
queries in the form of dataflow graphs. Other database systems may use other types of

database queries.
In some cases, one or more database tables are moved to a graph-based database

system from another kind of database system that uses SQL. The other database system
may have many SQL queries already written that are incompatible with the graph-based

CA 3022073 2018-10-25



10

15

20

30

WO 2012/151149 PCT/US2012/035762

database system. In some 1mpl eﬁlentations, the SQL queries can be converted to
database querics compatible with the graph-based database system.

FIG. 2 shows an example of a database query 200 written in SQL. This example
database query 200 is intended to operate on database tables 202, 204 managed by a

graph-based databasc management system. The graph-based database management
system can recognize the data in the database tables 202, 204 because the database tables

are in a format native to the graph-based database management system. The database
tables 202, 204 might contain data obtained from other database tables, for example,
database tables originating from a database system that recognizes SQL queries and does
not use dataflow graphs.

However, the graph-based database management system may not have built-in
functionality for processing SQL queries, so a graph-based database query can be
produced to emulate the SQL database query 200. The graph-based database query is
rccognizable by the graph-bascd databasc system. For example, the database query 200
can be converted 206 (using techniques described herein) from an SQL query into a
dataflow graph 208. The dataflow graph 208 operates on the database tables 202, 204 by
accepting them as input, and provides the execution results of the database query 200 as

output.

2 Query Plans

Some database systems carry out database queries such as SQL queries based on a
query plan (also sometimes callec! an explan plan). A query plan is a description of the
database operations that may be performed if the database query is executed. The query
plan may describe one possible arrangement of database operations, even if other
arrangements of the operations or a different set of operations would accomplish the

same result.

To provide such query plans, a database system may include a query plan
generator (also sometimes called a query planner). For example, the query plan generator
can produce a query plan when a database query is being executed, or the query plan

generator can generate a query plan before any decision about executing the query is

made,
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In some arrangements, database operations may be executed in various orders
while still providing equivalent outputs. As such, the query plan generator may have
functionality that determines an optimal query pIan. For example, an optimal query plan
could be the query plan that describes the arrangement of database operations for

5 ecxccuting the database query in the least amount of time, or using the least amount of
database resources such as data storage space, or otherwise accomplishing the database
query within constraints that have been identified by the database system. The query
plan generator’s functionality for determining an optimal query plan may include
functionality that scores or ranks many possible query plans, and may also include

10 functionality that rearranges possible query plans to an optimal or efficient configuration.

A single database query can be executed multiple times, and each execution could
havc a unique optimal query plan. For example, the data within a database table could
change between two executions of a database query. In this example, the operations
described in the query plan that was gencratcd for the first execution of the database

15 quety may need more or less execution time during the second execution of the database

query than during the first execution. In this case, a different arrangement of operations
“may be better suited to the second execution of the database query, for example, a
different arrangement of the safné: operations, or an arrangement of different operations.
A query plan optimized for the second execution of the database query can be gencrated
20  for that execution, taking into account the momentary state of the database table.

3 System Overview :
A query plan gencrator can be used in producing a graph-based databasc query
that emulates another kind of database query such as an SQL query. FIG. 3 shows a
database query management system 300 for preparing a database query 302 for execution
25  on a database management computer system 304. The database management computer
system 304 shown includes a graph execution engine 306 that handles database
operations implemented as dataflow graphs. The database query management system
300 also includes a graph generation computer system 308 having a graph generation
cngine 310 that can build a dataflow graph 312 from a description of operations to be
30 performed by the dataflow graﬁh. For example, the description of operations could be a
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query plan 314. The graph generation computer system 308 is configured with the ability
to alter components of the dataflow graph based on one or more characteristics of an

input representing a source of data, as described in more detail below in section 6
describing “federated queries.”
5 The database query management system 300 also mcludes a query planning

computer system 316 that executes a query plan generator 318. The query plan generator
318 can be any query plan generator that produces a query plan from a database query,
and need not be designed with any finctionality related to dataflow graphs or graph
generation. Further, the database query management system 300 also includes a database

10 computer system 320 having a database 322 in a data storage (e.g. a hard drive, optical
disc, etc.) and containing one or more database tables 324a, 324b, 324c.

Although separate computcr systcms arc shown for the database management
computer system 304, the graph generation computer system 308, the query planning
computer system 316, and the database computer system 320, two or more of these

15  computer systems could be the same computer system, or components of the same
computer system. All of the computer systems have at least one processor for executing
their respective executable components and at least one data storage system. The
computer systems can be connected to each other using a computer network such as a

local area network (LAN), a wide-arca network (WAN), a network such as the Internet,
20  or another kind of computer network.

To demonstrate the production of a dataflow graph 312 from one or more
database queries 302, a database query and a database table 326 are received and
processed by the graph generation computer system 308 prior to an execution of the
dataflow graph. The graph generation computer system 308 receives the database table

25 326 from the database computér system 320.
The database table 326 can take any of several forms. For example, the database

table 326 could be a relational database table, a partial database table, a flat file, or

another kind of data file or collection of data files. In some examples, the database table

326 could be received in the form of information about the database table, e.g. metadata
30  about the database table, ora déscﬁption of the database table.
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In some implementations, the database table 326 could be identified by a data
registry associated with the database comptﬁer system 320 or otherwise accessible to the
graph generation computer system 308. The data registry could be in the form of lookup
file catalog, for example, which may contain a data file location associated with the
databasc table 326, and primary key and index information associated with the database
table. The data registry could also provide information about the data formats for
different types of database tables. Further, the data registry could also provide
information about how a dataflow graph 312 can access the database table.

The graph generation co;nptlter system 308 also receives a database query 302 to
be applied to the database table 326. For example, the database query could be an SQL
query. The database query 302 could be received from any number of possible sources.
For example, the database query 302 could be received from a user interface 328 where a
uscr 330 has entered the database query. In some examples, the database query 302 is
received from a data storage system, or the database query is received from a computer
network such as the Internet, or the database query is generated based on another
previously-received database query.

In some implementations, the graph generation computer system 308 provides (as

represented by an arrow 332) a version of the database table 326 to the query planning
- computer system 316, produced from information about the database tablc 326. For

example, the version of the database table 326 provided to the query planning computer
system 316 could be a structural i'epresthation 334 of the database table that is smaller in

size than the database table and thus requires fewer computational resources to process.
The structural representation 334 of the database table 326 may contain information
about the database table, but is absent some or all of the data of the database table. For
example, the structural representation 334 of the database table 326 could contain a
format that reflects the format of the database table, such as the columns, rows, or fields
of the database table. The structural representation 334 of the database table 326 could
also contain mformation about the data, such as data storage sizes of elements in the
database table, or the data typeé of elements in the database table.

The graph generation computer system provides (as represented by the arrow 332)
the database query 302 and the structural representation 334 of the databasc table 326 to
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the query planning computer system 316. The query planning computer system 316
executes the query plan generator 318, which produces a query plan optimized for
executing the database query 302 over the database table 326. The structural
representation 334 of the database table 326 supplies the same information used by the
5 query plan generator 318 as would be supplied by the database table 326 itself, for

example, data sizes, data types, and other information about the data contained in the
database table. In some irnpiémentaﬁons, the structaral representation 334 of the
database table 326 includes an index of data elements that is used to optimize data lookup
and retrieval. The query plan generator 318 can use the index to calculate the speed of

10 1identifying and retrieving data elements from the indexed database table 326.

The graph generation computer system 308 receives a query plan 314 from the
query planning computer system 316. The query plan 314 describes an arrangement of
databasc operations that can be used to execute the databasc query 302 over the database
table 326. For example, the operations in the query plan 314 can correspond to nodes of

15  a dataflow graph 312. The query plan 314 can also include information about the data
types used by the operations in the query plan. For example, the operations in the query
plan could have parameters, and the data types of the parameters could be described in
the query plan.

Once produced, the query plan 314 is provided to the graph generation computer

20  system 308 for dataflow graph 312 production by the graph generation engine 310. The
graph generation engine 310 outputs a dataflow graph 312 corresponding to the query

plan 314. In some implementations, the dataflow graph 312 has nodes representing
operations described in the query plan, and node links representing flows of data between

the operations. Because a dataflow graph 312 may be generated for each instance of

25  preparing a database query for execution, the graph generation engine 310 can generate a
dataflow graph quickly enougli to respond to real-time requests to execute a database
query. In some implementations, the graph generation engine 310 can generate a
dataflow graph from a query plan in less than one second.

The graph generaﬁon: computer system 308 provides (represented by an arrow

30  336) the dataflow graph 312 génemted by the graph generation engine 316 to the

databasc management computér system 304. In somc implementations, the graph

- 1{)-
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generation computer system 308 also prepares the database table 326 for use by the
database management computer system and provides the prepared database table 338.
For example, graph generation computer system 308 might convert the database table
326 from a format used by the graph generation computer system 308 to a format used by

the database management computer system 304.
Once provided to the database management computer system 304, the dataflow

graph 312 is prepared for execution. As shown in FIG. 4, the database management
computer system 304 can execute operations of the dataflow graph 312 and use the
database table 326 in order to produce results 402 of the database query. The database
management computer system 304 provides the database table 326 to one or more nodes
404a, 404b, 404c of the dataflow graph 312 and executes the dataflow graph using the
graph execution engine 306. The graph execution engine 306 performs the operations
represented by the nodes 404a, 404b, 404c¢ of the dataflow graph 312, which correspond
to database operations for executing the underlying database query. Further, links 408a,
408b, 408c between the nodes represent flows of data between the database operations as
the database table is processed. The dataflow graph 312 outputs the results 402 of the

database query.

4 Structural chmsentatfon
FIG. 5 shows an example of a database table 500 and a structural representation

502 of the database table (containing none of the data from the database table). The
database table 500 has columns 504a-5041 that may contain similar or different types of
data. The database tablc 500 also has rows 508a-508e each containing a field
corresponding to each column. Each field of a row contains a data element 510a, 510b,
510c of the data type of the corresponding column (e.g. character string, integer, floating
point number, etc.). Further, each row 508a-508e has an inherent data storage size 512a-
512¢. For example, the data storage size 512a-512¢ might be the amount of storage space
used by the data elements of the row when the row resides in data storage such as
memory.

The structural representation 502 of the database table 500 (produced by the graph
generation computer system 308 as shown in FIG. 3) has columns 514a-5141 identical to

CA 3022073 2018-10-25



WO 2012/151149 PCT/US2012/035762

the database table, including the same data types as the original columns 5042-504i. The
structural representation 502 of the database table 500 also has rows 518a-518¢
corresponding to the rows 508a-508e of the database table. However, the rows 518a-
518e do not contain the data elements 510a, 510b, 510c from the database table 500.

s Each row 518a-518¢ is associated with a data storage size valuc 520a-520c. While the
data storage size S12a-512¢ of a row in the database table 500 could be calculated from
the data storage sizes of the individual data elements 510a, 510b, 510c, the data storage
size value 5202-520¢ of cach row 518a-518¢ can itself be a data element stored alongside
each row in the structural representation 502 of the database table. The total data storage

10  size of the structural representation 502 of the database table 500 may be a small
percentage of the total data storage size of the database table, because the fields 522a,
522b, 522¢ of the structural representation of the database table are absent the data
elements 510a, 510b, 510c from the fields of the database table. In some
implementations, the structural representation 502 of the database table 500 may retain

15 some data elements from the database table, for example, the structural representation of
the database table may retain data elements corresponding to key values 524, 526 or other
data elements used in the stﬁcmre, organization, or format of the database table. In some
implementations, the structural representation 502 of the database table 500 may contain
an index or another data structure that provides information used in data rotricval, In

20  some implementations, the structural representation 502 of the database table 500 may
contain other stafistics about the data contained in the database table.

S Function Calls
As shown in FIG. 6, in some implementations, a custom graph function 602 can

be embedded in a database query 604. For example, the custom graph function 602

25  might represent an operation that a dataflow graph 606 can carry out during the execution
of the dataflow graph. The custom graph function 602 might not have any functionality
within the context of the database query 604, and is placed in the database query to be
passed to the generated dataflow graph 606. For example, the custom graph function 602
might be added to a database query 604 to prepare it for conversion to a dataflow graph

30  but replacing or augmenting part of the existing database query. Further, the query plan
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generator might not have information about the functionality of the custom graph
function 602. The custom graph function 602 may be a function that has no equivalent

function in the language of the database query 604. In some implementations, the query
plan generator may be aware of the input data type or output data type for the custom
5 graph function 602. When the dataflow graph 606 is gencrated 608, the custom graph

finction 602 could act as a node 610 of the dataflow graph.
In some implementations, the custom graph function 602 may be a function used

for accessing data in a special or customized format, or the custom graph function may be
a function used to execute a regular expression or pattern matching expression, or the
10  custom graph function may be a function implemented by a user, for example, a user of

the database management computer system.

6 Federated Querie§
In some mmplementations, a query plan generator (e.g., query plan generator 318
shown in FIG. 3) can operate on a database query that is constructed to operate on input
15 data acquired from multiple data sources and/or multiple types of data sources. For
example, the database query could be constructed to operate on multiple database tables,
and the database tables may bélong to databases of different types and having different
internal functionality. Also, ﬁhe database query could be constructed to operate on data
accessible in other data sources such as multiple data files, multiple network sockets,
20 multip(e outputs of other dataflow gr:iphs, or any combination of these types of data
sources or other types of data sources that can be accessed using a database query. When

the graph generation engine generates a dataflow graph from a query plan, the resulting
dataflow graph can be optimized for accessing each input representing a data source
based on characteristics of the respective data sources, depending on the number and

25 -respective types of the data sources.
FIG. 7 shows a graph generation computer system 706 that includes a graph

generation engine 908 and a graph optimizer 704. The graph generation computer system
706 receives one or more database tables 726a, 726b. For example, the graph generation

computer system 706 may receive the database tables 7 26a, 726b from one or more
30  database computer systems, ¢.g., 2 database computer system 720 having a database 722
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in a data storage system {e.g., a hard drive, optical disc, etc.). The graph generation
computer system 706 also receives a database query 702 to be applied to the database
tables 726a, 726b, For example, the database query 702 could be received from a user
interface, or, the database query 702 could be received from a data storage system, or the
5 database query could be reccived from a computer network such as the Internet, or the
database query could be generated based on another previously-received database query.
The graph generation bomputer system 706 provides (as represented by an arrow
932) versions 734a, 734b of the database tables 726a, 726b to a query planning computer
system 746. In some implementations, the versions 734a, 734b of the database tables
10  726a, 7260 are the database tables 726a, 726b themselves. In some examples, the
versions 734a, 734b of the database tables 726a, 726b are structural representations of the
database tables 726a, 726b. For example, the versions 734a, 734b of the database tablcs
726a, 726b could be structural representations formatted in the same manner as the
structural representation 502 of a database table 500 shown in FIG. 5.
15  The graph generation computer system 706 provides (as represented by the arrow
932) the database query 702 and versions 7 34a, 734b of the database tables 726a, 726b to
the query planning computer system 746. The query plannmg compufer system 746
executes a query plan generator 748, which produces a query plan 714 for executing the
database query 702 over the database tables 726a, 726b. In some implementations, if the
20  versions 734a, 734b of the database tables 726a, 726b are structural representations of the
database tables 726a, 7260, the structural representations supply the same information
used by the guery plan generafqr 748 as would be supplied by the database tables 726a,
726b themselves. |
The graph generation computer system 706 receives the query plan 714 from the

25 query planning computei' system 746. Like the query plan 314 shown in FIG. 3, this
query plan 714 describes an arrangement of database operations that can be used to

execute the database query 702 over the database tables 726a, 726b. The graph

generation computer system 706 executes the graph generatlon engine 908 using as mput
the query plan 714. The graph generahon engine 908 generaies a dataflow graph 716
30  based on the contents of the query plan 714. In some mplementahons, the dataflow graph
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716 has nodes representing operaﬁons described in the query plan 714, and node links
representing flows of data between the operations.
The dataflow graph 7.16 can be converted by a graph optimizer 704 to an
optimized datafiow graph 718. In some implementations, the dataflow graph 716 can be
s  executed by a computer system (for example, a database management computer system

744) to carry out operations corresponding to operations defined by the query plan 714.
Some of the operations carried out by the dataflow graph 716 may be redundant and can
be removed or consolidated with other operations. For example, the dataflow graph 716
may include a group of components that can be merged into a single component that

10  performs the same operations as would the group of components. The graph optimizer
704 analyzes the dataflow graph 716 and performs an optimization to alter the dataflow
graph, for example, to remove redundant components, merge components, and otherwise
reduce the number of components in the dataflow graph 716 to generate the optimized
dataflow graph 718. After the optimized dataflow graph 718 is generated, the optimized

15  dataflow graph 718 can be provided to the database management computer system 744

for execution.
In some implementations, the dataflow graph 716 and/or the optimized dataflow

graph 718 contains a component that is configured to provide output (e.g., a query plan
714) of the query plan generator 748 to other components of the dataflow graph 716. For
20  example, the dataflow graph 716 or the optimized dataflow graph 718 may receive a
database query 702 during execution (*on the fly”’) and so a component of the dataflow
graph 716 or the optimized dataflow graph 718 can, also during execution, request a
query plan 714 corresponding to the database query 702 from the query plan generator
748. The component provldmg output of the query plan generator 748 can then provide
25  the query plan 714 to other c;)mponetrts of the dataflow graph 718.
In some implementations, the graph optimizer 704 may increase the number of
components in the dataflow gréph 716 when generating the optimized dataflow graph
718. For example, the dataflow graph 716 may operate faster or more efficiently when
executed if a complex component is replaced by & group of more efficient components.
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In some implementations, the graph generation computer system 706 includes a
query plan optimizer that operates on the query plan 714, and the query plan 714 is
optimized before being converted to a dataflow graph.

FIG. 8 shows an example of a dataflow graph 802 generated from a query plan

5 806 and an optimized data flow graph 804. The query plan 806 rcpresents the following

SQL query:

select count(*) as num_transactions,
sum{transact? on_am_t) as total,

10 account_id .
from federated_transactions
group by account_id
order by account_id:
.15 This SQL query selects records from a database table called
federated transactions and groups and orders them. The query plan 806 describes three
operations that can be performed to execute the query. The operations of the query plan
806 are a data selection oper&ﬁon,SlO, a sort operation 812, and a data summarization
operation called a group aggregate operation 814. These operations can be translated to a
20  dataflow graph 802 having components that approximately correspond to the operations.
The dataflow graph 802 has a data selection component 820, a sort component 822, a

data summarization component called a rollup component 824, as well as an output

component 826.
The data selection component 820 represents a source of data. For example, the

25 data selection componcnt 820 could be a databasc table, output of a second dataflow
graph, a network socket, or another source of data.

The output component 826 represents a data destination. For example, the output
component 826 could be any one of a data file, a database table, an input to a second
dataflow graph, a network socket, or another destination for output data.

30 The data selection combonent 820 may represent a source of data that has
exccutable functionality. For example, the data selection component 820 may represent a
database table in a database that can execute database queries and returns data based on
an executed database query such as the SQL querjr shown above. The dataflow graph 802
may have access to the .ﬁmctio.nal ity associated with the database storing the database
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table, For example, the dataflow graph 802 may have a component that can send a
request to the database to perform operations associated with the executable functionality.

In some implementations, the SQL query operates on data belonging to the
database. For example, the federated transactions database table represented by the data
5 selection component 820 may belong fo a database that can perform the same functions
as performed by the sort component 822 and the rollup component 824. An optimized
dataflow graph 804 can be generated from the query plan 806 that takes advantage of this
built-in functionality. The optimized dataflow graph 804 only has two components, a data
selection component 830 that includes the rollup functionality, and an output component

10 832
The optimized dataflow graph 804 may have fewer components than the dataflow

graph 802 generated directly from the query plan 806, and the optimized dataflow graph
804 may also operate more efficiently. For examplc, in the example shown, the dataflow
graph 802 selects 796,096 records from the federated_transactions database table, which
15 are reduced in mumber to 3,754 records once the rollup operation is complete, The
optimized dataflow graph 804 need not take the step of selecting and processing the full
number of 796,096 records, however, because it acquires the already sorted and
summarized 3,754 records. _
In some implementations, the optimization can be performed by translating a
20 porﬁoh of the query plan 806 back into a query appropriate for the data source having the
functionality being utilized by the optimized dataflow graph 804. FIG. 9 shows an
example of a user inferface 940 associated with the data selection component 830 of the

optimized dataflow graph 804. The user interface 940 allows the data selection
w@onmt 830 to be configured with a SQL query 942. When the dataflow graph 804

25  associated with the data selection component 830 is executed, the SQL query 942 is
delivered to the source of data represented by the data selection component 830 and
executed by database functionality associated with the data selection component 830. For
example, if the data selection component 830 is associsted with a database 722 stored by
a database computer system 720 (FIG. 7), the SQL query 942 can be delivered to the

30 database computer system 720 for execution, In this way, the data selection component
830 can use the SQL query 942 to access functionality associated with the database 722.
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Dataflow graphs representing query plans having multiple sources of data as
inputs can be optimized based on characteristics of the multiple inputs. FIG. 10 shows a
query plan 1010 undergoing transformation to an optimized dataflow graph 1030. The
query plan 1010 represents a fedgrated query and has two database tables 1012, 1014 as
input. The query plan can be converted 1016 to a dataflow graph 1020. For example, the
graph generation engine 908 shown in FIG. 7 can perform the conversion.

The dataflow graph 1020 includes a data selection component 1022 representing
one of the database tables 1012 and a data component 1026 representing the other
database table 1014, The data selection component 1022 outputs data to a rollup
component 1024 and the data component 1026 outputs data to a second rollup component
1028. The data selection component 1022 has internal functionality that can be used to
perform the same operations as the rollup component 1024 performs within the dataflow
graph 1020. For example, the data selection component 1022 may represent a databasc
system that has exccutable functionality and can perform its own operations on the data
that it ﬁmvides. For example, the data selection component 1022 could represent a
database table accessible on & database such as the database 722 shown in FIG. 7.

The data component 1026 does not have functionality that can be used fo perform
the same operations as the rollup component 1028 performs within the dataflow graph
1020. For cxample, the data component 1026 may be an entity such as a data file that
does not include executable ﬁincﬁonality.

The dataflow graph 1020 can be converted 1018 (e.g., by a graph optimizer such
as the graph optimizer 704 shown in FIG. 7) to an optimized dataflow graph 1030 in
which some of the componenﬁ have been removed based on the internal functionality of
the data selection component 1022 and the data component 1026. Because the data

selection component 1022 includes rollup functionality, the data selection component
1022 and its associated rollup component 1024 can be merged into a combined data
selection component 1032 incorporating the rollup operations otherwise performed by the

rollup component 1024, The combined data selection component 1032 can be provided a
database query instructing the combined data selection component 1032 to perform the
rollup operations before providing data to the optimized dataflow graph 1030. For
cxample, the combined data selection component 1032 can be provided a database query
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such as the SQL query 942 shown in FIG. 8. The rollup component 1028 associated with
the data component 1026 remains in the optimized dataflow graph 1030 because the data
component 1026 does not have internal rollup functionality that is otherwise duplicated

by the rollup component 1028.
5 FIG. 11 shows a query.plan 1110 undergoing transformation fo an optimized

dataflow graph 1130. The query plan 1110 represents a federated query and has two
database tables 1112, 1114 as'input. The query plan can be converted 1116 to a dataflow
graph 1120. For example, the graph generation engine 908 shown in FIG. 7 can perform
the conversion. ‘ |

10 The dataflow graph 1120 contains components corresponding to operations of the
query plan 1110, This dataflow graph 1120 includes data source components 1122, 1124
representing the database tables 1112, 1114 of the query plan 1110, and also includes a
join component 1126 that operates on the data provided by the data source components
1122, 1124 to combine the data of the database tables 1112, 1114 into a single source of

15 data. )
The database tables 1112, 1114 may belong to the same database, e.g., a database

722 shown in FIG. 7. The database 722 may have functionality that can provide the data
of the two database tables 11 1_,2, 1114 as a single source of data, e.g., a single database
table that is the result of a j oin operation, A graph optimizer, ¢.g., the graph optimizer
20 704 shown in FIG. 7, can identify the functionality of the database 722 associated with
the database tables 1112, 11 1_4 and determine whether the dataflow graph 1120 can be

simplified by reducing the number of components in the dataflow graph 1120. The graph
optimizer 704 can determine that the database 722 can perform a join operation on the

database tables 1112, 1114 and generate an optimized dataflow graph 1130 containing a

25  merged data source component 1132 representing data that is provided by the database
722 when the database 722 performs the join operation upon the two database tables
1112, 1114. The optimized dataflow graph 1130 does not contain the join component
1126 because the functionality represented by the join component 1126 is instead
performed by the database 722.

30 FIG. 12 ié a flowchart 1200 showing exemplary operations of a graph generation
computer system 706 (shown-in FIG. 7). In step 1202, the graph generation computer
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system receives a query plan, t;or example, a query plan produced by a query plan
generator of a query planning computer system. The query plan represents operations for
executing a database query on at least one input representing a source of data. In step
1204, the graph generation computer system uses a graph generation engine to produce a
5 dataflow graph from the query plan based on the operations described in the query plan.
The resulting dataflow graph includes at least one node that represents at least one
operation represented by the query plan, and includes at least one link that represents at

least one dataflow associated with the query plan. In step 1206, the graph generation
computer system alters components of the dataflow graph based on a characteristic of the

10 input representing the source.of data. The components may be altered to optimize the

dataflow graph, for example, to reduce the number of components in the dataflow graph.
The database query managing approach described above can be implemented

using software for execution on a computer. For instance, the software forms procedures
in one or more computer progré!ns that executc on one or more programmed or

15 programmable computer systems (which may be of various architectures such as
distributed, client/server, or grid) each including at least one processor, at least one data
storage system (including volatile and non-volatile memory and/or storage elements), at
least one input device or port, and at least one output device or port. The software may
form one or more modules of a larger program, for example, that provides other services

20  related to the design and conﬁ_guration of computation graphs. The nodes and elements
of the graph can be implemented as data structures stored in a computer readable medium

or other organized data conforming to a data model stored in a data repository.
The software may be provided on a storage medium, such as a CD-ROM,

readable by a general or special purpose programmable computer or delivered (encoded
25  in a propagated signal) over a communication medium of a network to the computer

where it is executed. All of the functions may be performed on a special purpose
computer, or using special-purpose hardware, such as coprocessors. The software may

be implemented in a distributed manner in which different parts of the computation

specified i)y the software are bgrformed by different computers. Each such computer
30  program is preferably stored on or downloaded to a storage media or device (e.g., solid

statc meﬁlory or media, or mﬁgneﬁc or optical media) readable by a general or special

- 20-
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purpose programmable compﬁter, for configuring and operating the computer when the
storage media or device is read by the computer system to perform the procedures
described herein. The inventive system may also be considered to be implemented as a
computer-readable storage medium, configured with a computer program, where the
5 storage mcdium so configured causes a computer system to operate in a specific and
predefined manner to perform the functions described herein.
, A number of embodiments of the invention have been described. Nevertheless, it
will be understood that various modifications may be made without departing from the
spirit and scope of the invention. For example, some of the steps described above may be
10  order independent, and thus can be performed in an order different from that described.

It 1s to be understood that the foregoing description is intended to illystrate and
not to limit the scope of the invention, which is defined by the scope of the appended
claims. For example, a number of the function steps described sbove may be performed
in a diffcrent order without substantially affecting overall processing, Other

15 embodiments are within the scope of the following claims.

-21-
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The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:

1. A computer-implemented method of operating on data from at least two data
sources, the data stored in respective tangible, non-transitory computer-readable media of
the data sources, the operating based on a query that 1s expressed in accordance with a
query language applicable to a relational database, the operating including executing the
query on an executing system other than a system managing a relational database, the
executing including:

receiving a query;

identifying a first data source based on the query;

identifying a second data source based on the query, the second data source being
associated with at least some data processing capability different from at least some data

processing capability of the first data source;

identifying an executing system other than a system managing a relational
database:

generating a request to a query planner based on the query;

providing the request to the query planner;

receiving a query plan generated by the query planner based on the request, the

query plan including a description of one or more steps for performance by a system

managing a relational database;

generating a dataflow graph that includes at least one data processing operation
for execution, the at least one data processing operation including at least one of a data
selection operation, a sort operation, a data summarization operation, or a combination

operation, wherein the at least one data processing operation is chosen based on a

particular step described by the query plan, and the particular step corresponds to the at
least one of a data selection operation, a sort operation, a data summarization operation,
or a combination operation;
rece1lving data from the first data source and the second data source; and
executing, on the identified executing system, program code based on the

datatlow graph.
=272
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2. The method of claim 1, in which the datatflow graph that includes:

a first node that represents at least one operation to be executed,

the first node associated with information usable by an executing system to
invoke executable program code to perform the operation,

the first node associated with information usable by an executing system to make

data available to the program code, and
the operation chosen based on a first step described by the query plan, and

at least one link that represents output data of an operation of the first node being

provided as input data to an operation of a second node of the datatlow graph.

3. The method of claim 2, in which the datatlow graph includes a third node
associated with information usable by an executing system to receive the data from the

first data source, and a fourth node associated with information usable by an executing

system to receive the data from the second data source.

4, The method of claim 3, in which the third node is associated with information
usable by an executing system to invoke executable program code that causes a request to
perform at least one operation chosen based on a second step described by the query plan

to be transmitted to a system managing the first data source.

5. The method of claim 4, including performing the at least one operation chosen

based on the second step described by the query plan.

6. The method of claim 4, including performing the at least one operation chosen

based on the second step described by the query plan.

7. T'he method of any one of claims 2 to 6, in which executing the program code
based on the dataflow graph includes instantiating a link between a node of the dataflow
graph and a node of a second dataflow graph, the second dataflow graph including at

03-
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least one node that represents an operation to be executed other than an operation chosen

based on any step described by the query plan.

8. The method of any one of claims 2 to 7, in which the query contains a reference to

an executable function, and the dataflow graph includes a node representing the

executable function.

9. The method of any one of claims 1 to 8, in which the first data source includes a

relational database table.

10. The method of claim 9, in which the second data source includes a portion of data

other than a relational database table.

11. The method of claim 9, in which the second data source includes a flat file.

12.  The method of any one of claims 1 to 11, in which the query includes an SQL
query.

13.  The method of any one of claims 1 to 12, including receiving, as output of the

program code, results of the query.

14. The method of any one of claims 1 to 13, in which the query plan generator

includes a query optimizer.

15.  The method of any one of claims 1 to 13, in which the query plan includes data

types of parameters in the query.

16.  The method of any one of claims 1 to 15, in which the first data source is

assoclated with executable functionality for performing operations on data stored by the

4-
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first data source and the second data source is not associated with executable

functionality for performing operations on data stored by the second data source.

17.  The method of any one of claims 1 to 16, in which generating a request to a query
planner based on the query includes:

producing a structural representation of the first data source wherein the structural
representation includes a formatted data organization reflective of the first data source
and 1s absent data of the first data source; and

including the structural representation in the request to the query planner.

18.  The method of any one of claims 1 to 17, in which the dataflow graph is

generated by the identified executing system.

19.  The method of any one of claims 1 to 17, in which dataflow graph is generated by
a system other than the 1dentified executing system and the system managing the

relational database.

20. A system for operating on data from at least two data sources, the data stored in
respective tangible, non-transitory computer-readable media of the data sources, the
operating based on a query that is expressed in accordance with a query language
applicable to a relational database, the system configured to execute operations for:

receiving a query;

identifying a first data source based on the query;

identifying a second data source based on the query, the second data source being
associated with at least some data processing capability different from at least some data
processing capability of the first data source;

identifying an executing system other than a system managing a relational
database;

generating a request to a query planner based on the query;

providing the request to the query planner;

5.
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receiving a query plan generated by the query planner based on the request, the

query plan including a description of one or more steps for performance by a system

managing a relational database;

generating a datatlow graph that includes at least one data processing operation
for execution, the at least one data processing operation including at least one of a data
selection operation, a sort operation, a data summarization operation, or a combination
operation, wherein the at least one data processing operation is chosen based on a
particular step described by the query plan, and the particular step corresponds to the at

least one of a data selection operation, a sort operation, a data summarization operation,

or a combination operation;

receiving data from the first data source and the second data source; and

executing, on the identified executing system, program code based on the

datatlow graph.

21.  The system of claim 20, in which the first data source includes a relational

database table.

22. The system of claim 21, in which the second data source includes a portion of

data other than a relational database table.
23.  The system of claim 21, in which the second data source includes a flat file.

24.  The system of any one of claims 20 to 23, in which the query includes an SQL
query.

23. The system of any one of claims 20 to 24, the operations including receiving, as

output of the program code, results of the query.
26.  The system of any one of claims 20 to 25, in which the first data source is

assoclated with executable functionality for performing operations on data stored by the
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first data source and the second data source i1s not associated with executable

functionality for performing operations on data stored by the second data source.

27. A system for operating on data from at least two data sources, the data stored in
respective tangible, non-transitory computer-readable media of the data sources, the
operating based on a query that is expressed in accordance with a query language
applicable to a relational database, the system including:

means for receiving a query;

means for 1dentifying a first data source based on the query;

means for 1dentifying a second data source based on the query, the second data
source being associated with at least some data processing capability different from at
least some data processing capability of the first data source;

means for identifying an executing system other than a system managing a
relational database;

means for generating a request to a query planner based on the query;

means for providing the request to the query planner;

means for receiving a query plan generated by the query planner based on the
request, the query plan including a description of one or more steps for performance by a
system managing a relational database;

means for generating a dataflow graph that includes at least one data processing
operation for execution, the at least one data processing operation including at least one
ot a data selection operation, a sort operation, a data summarization operation, or a
combination operation, wherein the at least one data processing operation is chosen
based on a particular step described by the query plan, and the particular step
corresponds to the at least one of a data selection operation, a sort operation, a data
summarization operation, or a combination operation;

means for receiving data from the first data source and the second data source:
and

means for executing, on the identified executing system, program code based on

the dataflow graph.
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28. The system of claim 27, in which the first data source includes a relational

database table.

29.  The system of claim 28, in which the second data source includes a portion of

data other than a relational database table.

30. The system of claim 28, in which the second data source includes a flat file.

31.  The system of any one of claims 27 to 30, in which the query includes an SQL

query.

32.  The system of any one of claims 27 to 31, including means for receiving, as

output of the program code, results of the query.

33.  The system of any one of claims 27 to 32, in which the first data source is
assocliated with executable functionality for performing operations on data stored by the
first data source and the second data source is not associated with executable

functionality for performing operations on data stored by the second data source.

34. A non-transitory computer-readable medium including computer-executable
instructions for operating on data from at least two data sources, the data stored in
respective tangible, non-transitory computer-readable media of the data sources, the
operating based on a query that is expressed in accordance with a query language
applicable to a relational database, the operating including executing the query on an
executing system other than a system managing a relational database, the executable
Instructions causing a computer to carry out steps including:

receiving a query;

1dentifying a first data source based on the query;

28-
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identifying a second data source based on the query, the second data source being
associated with at least some data processing capability different from at least some data

processing capability of the first data source;

identifying an executing system other than a system managing a relational
database;

generating a request to a query planner based on the query;

providing the request to the query planner;

receiving a query plan generated by the query planner based on the request, the
query plan including a description of one or more steps for performance by a system
managing a relational database;

generating a datatlow graph that includes at least one data processing operation
for execution, the at least one data processing operation including at least one of a data
selection operation, a sort operation, a data summarization operation, or a combination
operation, wherein the at least one data processing operation is chosen based on a
particular step described by the query plan, and the particular step corresponds to the at
least one of a data selection operation, a sort operation, a data summarization operation,
or a combination operation;

rece1ving data from the first data source and the second data source; and

executing, on the identified executing system, program code based on the

dataflow graph.

35.  The computer-readable medium of claim 34, in which the dataflow graph
includes:

a first node that represents at least one operation to be executed,

the first node associated with information usable by an executing system to
invoke executable program code to perform the operation,

the first node associated with information usable by an executing system to make

data available to the program code, and

the operation being chosen based on a first step described by the query plan, and

29

CA 3022073 2018-10-25



at least one link that represents output data of an operation of the first node being

provided as input data to an operation of a second node of the dataflow graph.

36.  The computer-readable medium of claim 34 or 35, in which the first data source

includes a relational database table.

37.  The computer-readable medium of claim 36, in which the second data source

includes a portion of data other than a relational database table.

38.  The computer-readable medium of claim 36, in which the second data source

includes a flat file.

39.  The computer-readable medium of any one of claims 34 to 38, the operations

including receiving, as output of the program code, results of the query.

40.  The computer-readable medium of any one of claims 34 to 38, in which the first
data source 1s associated with executable functionality for performing operations on data
stored by the first data source and the second data source is not associated with

executable functionality for performing operations on data stored by the second data
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