20

25

WO 2016/077362 PCT/US2015/059976

PROCESSING QUERIES CONTAINING A UNION-TYPE
OPERATION

CLAIM OF PRIORITY
This application claims priority to U.S. Patent Application Serial No. 14/746,188,
filed on June 22, 2015 which claims priority to U.S. Patent Application Serial No.
62/079,922, filed on November 14, 2014, the entire contents of which are hereby

incorporated by reference.

BACKGROUND
This description relates to processing queries containing a union-type operation.
A query to a data source specifies data to be retrieved from the data source. The
query can be provided to the data source (e.g., a database) and a data processing system
associated with the data source (¢.g., a database management system) can return the data
specificd by the query. Various techniques can be used to parse the query to identify the

data in the data source specified by the query.

SUMMARY

Aspect 1 is a method of generating a computer program based on an SQL query,
including receiving a SQL query, including a reference to a first data set stored at a first
data source, and including a reference to a second data set stored at a second data source
different from the first data source; determining that the SQL query includes two or more
commands, the commands including a first union-type operation, and a first aggregation
operation, and determining that the SQL query describes that the first union-type
operation shall be applied to at least a portion of data from the first data set, and applied
to at least a portion of data from the sccond data sct; determining that the SQL query
describes that the first aggregation operation shall be applied to data resulting from the
first union-type operation; generating a computer program on a first system based on the
SQL query, the computer program configured for: transmitting instructions that direct a
second system to perform a second aggregation operation on a portion of data from the

first data set; receiving, from the second system, a particular data set that is a summary of
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the first portion of data; and performing a second union-type operation on the particular
data set and a summary of a portion of data from the second data set.

Aspect 2 is the method of aspect 1, in which the computer program is further
configured for: transmitting instructions that direct a third system to perform a second
aggregation operation on a portion of data from the second data set; and receiving, from
the third system, a particular data set that is the summary of the second portion of data.

Aspect 3 is the method of aspect 1 or 2, in which the computer program includes a
first component representing the union-type operation of the SQL query that is applied to
the data sets that are summaries of the first portion of data and a summary of the second
portion of data, where the summaries each contain fewer records than their respective
corresponding portions of data, and a second component representing the first data set,
where the second component, when executed, causes the instructions to be transmitted.

Aspect 4 is the method of aspect 3, including a third componcent representing the
second data set, and a fourth component representing a third aggregation operation,
where output of the third component flows to the fourth component, and output of the
fourth component flows to the first component.

Aspect 5 is the method of aspect 3 or 4, in which the output of the second
component includes the particular data set that is the summary of the first portion of data.

Aspect 6 is the method of aspect 3, 4, or 5 in which the component representing
the first data source transmits the instructions, wherein the instructions are carried out
before the first system causes data to be transmitted to a system executing the computer
program.

Aspect 7 1s the method of any of aspects 1 through 6 in which the instructions
include a SQL statement that includes a command corresponding to the second
aggregation operation.

Aspect 8 1s the method of any of aspects 1 through 7 in which generating the
computer program based on the SQL query includes generating a query plan based on the
SQL query; adding, to the query plan, the second aggregation operation that is applied to
data from the first data source; determining that the first system includes functionality for

carrying out the second aggregation operation; appending, to a portion of the query plan
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representing the first data set, instructions to carry out the second aggregation operation;
and generating the computer program based on the query plan.

Aspect 9 is the method of any of aspects 1 through 8 in which the first
aggregation operation is a minimum, maximum, sum, or count operation, and the second
aggregation operation is of the same type of aggregation operation as the first aggregation
operation.

Aspect 10 is the method of any of aspects 1 through 9 in which the first
aggregation operation is an average operation, and the second aggregation operation is a
sum operation or a count operation.

Aspect 11 is the method of any of aspects 1 through 10 including determining the
second aggregation operation based on first aggregation operation.

Aspect 12 is the method of aspect 11 in which determining the second
aggregation operation based on first aggregation operation includes determining a
sequence of operations that, when carried out, produces output equivalent to output of the
first aggregation operation, and selecting the second aggregation operation from the
sequence of operations.

Aspect 13 is the method of any of aspects 1 through 12 in which the first union-
type operation is of the same type to the second union-type operation.

Aspect 14 1s the method of any of aspects 1 through 13 the first system includes a
graph-based processing system, and the second system includes a relational database
management system.

One or more of the aspects, alone or in combination, may be represented as a
system, or an apparatus, or as a computer readable storage device storing a computer
program product including machine readable instructions that, when executed by a
computer system, carry out operations of the aspect. As one example, a computer
readable storage device can store a computer program product including machine
readable instructions that, when executed by a computer system, carry out operations
according to any one of the first through thirteenth aspects. As another example, a
computer system including one or more processors can include a computer-readable

storage device storing a computer program product that includes machine readable
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instructions that, when executed by the one or more processors, carry out operations
according to any one of the first through thirteenth aspects.

Aspects can include one or more of the following advantages. A data processing
system push down aggregation operations to reduce the amount of data transferred from
data sources. A computer program corresponding to a query can be simplified, for
example, by removing components.

Other features and advantages of the invention will become apparent from the

following description, and from the claims.

DESCRIPTION OF DRAWINGS
Figure 1 shows a data processing system that can process a query.
Figure 2 shows elements of the data processing system.
Figures 3 and 4 show query plans.
Figures 5 and 6 show computer programs.

Figures 7 and 8 are flowcharts.

DESCRIPTION

A data processing system can convert a query (such as an SQL query) into a
computer program such as a dataflow graph. The dataflow graph includes components
which, when executed, carry out operations (e.g., data processing operations) equivalent
to operations of the query. A system that generates the computer program from the query
can determine that some operations can be performed by the data source (e.g.. a database
system). For example, a component of the computer program can be “pushed down” to
the data source by instructing the data source to perform one or more operations
represented by the component, upon which the component can be climinated from the
computer program, For example, the computer program can instruct the data source to
perform the operations by transmitting a SQL statement to the data source which, when
executed at the data source, carries out the operations.

A SQL query (also referred to as SQL statements) use commands and syntax
defined by the structured query language (SQL). In general, a query is a statement that
specifies a subset of data in one or more datasets that are indicated in the query. The

specified subset can be returned by a system that processes the query to the system that
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issued the query. The data specified by the query and returned in response to the query is
generally a portion of the total data stored in the dataset indicated by the query. An
cxample of an SQL query could be “SELECT last name¢ FROM current_customers.”
This SQL query includes an operation, SELECT, which instructs a system executing the
query to retrieve data according to the arguments of the SELECT operation. In the syntax
of SQL, the arguments are “current_customers,” which is a set of data such as a database
table, and “last name,” which is a column of the database table. When a system interprets
the query and exccutes the operations of the query, the system will return the data of the
last name column (e.g., each portion of data contained in the last name column) in
response to the query. SQL is described in detail in “SQL Bible, 2™ Edition” by Alex
Kriegel and Boris Trukhnov, published April 7, 2008, ISBN 978-0470229064, herecby
incorporated by reference.

Sometimes the query can include operations performed on a combination of
records from two or more data sources. For example, the query may include a union-type
operation. A union-type operation generates a set of data that includes records from two
or more data sources and provides the set of data as output. Put another way, a union-type
operation combines data from two or more sources into a single set of data. The term
“union” (e.g., the UNION command in SQL) typically refers to a union-type operation
that removes data elements duplicated in both sources of data before providing its output,
while “union all” (¢.g., the UNION ALL command in SQL) typically refers to a union-
type operation that data elements duplicated in both sources of data before providing its
output. For example, if two data sets each contain telephone numbers and both sets of
data contain an clement of data representing the telephone number “555-1212” then the
“union” operation will output only one element of data representing the telephone
number “555-1212” while the “union all” operation will output two elements of data
representing the telephone number “555-1212.”

The query may also include an aggregation operation (e.g., an operation such as
SUM, COUNT, AVG, MIN, or MAX) after the union-type operation. An aggregation
operation, which is sometimes called an aggregation function or a summarization
operation, provides output data summarizing input data, such that the output data 1s

typically much smaller in size than the input data. If the query includes an aggregation
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operation after the union-type operation, the system that generates the computer program
can place an aggregation operation before the union-type operation, since only a
summary of the data received from the data sources is needed to carry out the aggregation
operation. Further, the aggregation operations placed before the union-type operation can
be pushed down into their respective associated data sources if any or all of the data
sources have been determined to natively support the aggregation operation. This
typically reduces the amount of data transferred from the data sources, since the computer
program only receives a summary of the data that would otherwise be received from
some or all of the data sources.

As a real world example, a telephone corporation may store records of telephone
calls that go back for 60 days. The company may have a data store containing the last 7
days of telephone records, and another data store containing the remaining 53 days of
records. A query performed on all 60 days of records may include a union-type operation,
and an aggregation operation can be pushed down to one or both of the data stores.
Further, the data store containing the last 7 days of telephone records could be a relational
database, and the data store containing the remaining 53 days of records could be a type
of data store other than a relational database, for example, a flat file. An aggregation
operation could still be pushed down to the relational database containing the last 7 days
of telephone records.

Figure 1 shows a data processing system 100 that can process a query 102 to
generate results 104 specified by the query 102. The results 104 are based on data 106
received from data sources 110, 120 that are referenced by the query 102. The data
processing system 100 receives the data 106 in responsce to instructions 114, 124 that the
data processing system 100 generates based on the query 102.

A query 102 is used to retrieve data determined to be specified by the query.

One type of query 102 is a structured query language (SQL) query. SQL queries
(also referred to as SQL statements) use commands and syntax defined by the structured
query language. A typical example of a resource that returns data in response to a query
is a relational database. A relational database is a collection of one or more database
tables and a system that manages data processing operations such as interpreting SQL

queries, reading data from the tables, writing data to the tables, and performing other
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kinds of data processing functions. A database table is a collection of data arranged in a)
rows each representing a record and b) columns each representing a category of data
stored in the rows. For example, a database table called “current customers” may have
rows each representing a current customer of a business and may have columns
representing categories of data such as name of the customer, address of the customer,
last product purchased by the customer, and so on.

The data sources 110, 120 are external to the data processing system 100. By
cxternal to the data processing system 100, we mean that the resource is not onc of the
components of the data processing system 100. (Some components of the data processing
system 100 are shown in detail in figure 2). For example, the data sources 110, 120 could
be facilities that communicate using a network (e.g., the Internet). The data processing
system 100 communicates with the data sources 110, 120 by sending data to, and
receiving data from, a nctwork.

As shown in the figure, the data processing system 100 can receive a query 102
that includes references 101, 103 to multiple data sources 110, 120. The data sources 110,
120 cach contain onc or more sets of data. For example, the data sources 110, 120 could
include sets of data such as database tables, data files, or other data structures stored on
storage media, e.g., tangible, non-transitory computer-readable media.

Further, a data source is typically managed by a system associated with the data
source. For example, if the data source is a relational database containing a database table
(or a collection of database tables), the relational database may be managed by a
relational database management system (RDBMS). The references 101, 103 can be any
information that identifics a data source. In some examples, the references 101, 103 arc
alphanumeric “names” of the data sources 110, 120.

A relational database management system (RDBMS) is a system that processes
instructions directed to creating and modifying data stored in the relational database. An
RDBMS includes functionality for interpreting a query and returning data specified by
the query. The combination of interpreting a query and returning data specified by the
query is sometimes referred to as executing the query. For example, some RDBMS

implementations include an engine which a) parses a SQL query, b) identifics operations
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that are defined by the structured query language, c) identifies arguments of the
commands, and d) carries out (e.g., executes) the operations according to the arguments.

As described above, the SQL query “SELECT last_ name FROM
current_customers, includes an operation, SELECT, which instructs an RDBMS to
retrieve data according to the arguments of the SELECT operation. The arguments are
“current_customers,” which is a database table managed by the RDBMS, and
“last name,” which is a column of the database table. When the RDBMS interprets the
query and cxccutes the operations of the query, the RDBMS will return the data of the
last name column (e.g., each portion of data contained in the last_name column) in
response to the query.

The data processing system 100 generates a computer program 108 (sometimes
referred to as a data processing program) based on the query 102. For example, the
computer program 108 can be generated using an engine (¢.g., an engine that forms a
subsystem of the data processing system 100) that takes a query as input and produces a
dataflow graph as output. Although a dataflow graph is used as an example here, the
computer program can be any kind of program that includes program code that can be
executed to carry out instructions represented by the program code.

In this way, a computer program such as the computer program 108 shown in
figure 1 can, when executed, produce the same output as the execution of the
corresponding query 102, e.g., by a database management system such as an RDBMS.
Thus, a query 102 can be written using a query language such as SQL. However, the
systems, e.g., subsystems of the data processing system 100, carrying out the
corresponding data processing operations can cxecute the computer program 108 in order
to perform operations that are equivalent to operations that would be performed by a
system (e.g., an RDBMS) that executed the query 102 but did not execute the computer
program 108. When we say that two operations are equivalent, we mean that the two
operations produce substantially the same output data when provided with the same input
data. As an example, two operations may produce exactly the same output data when
provided with the same input data. As an example, two operations provided with the
same input data may produce output data that only differs in data formatting, e.g., one

operation may produce comma-delimited output data, and an equivalent operation may
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produce tab-delimited output data that is otherwise identical to the comma-delimited
output data.

In some cxamples, some of the operations of the query 102 can be carricd out by
the computer program 108 and some of the operations of the query 102 can be pushed
down to the data sources 110, 120. By this we mean that the data processing system 100
identifies operations in the query 102 that can be performed by one or more of the
systems 112, 122 managing the data sources 110, 120. The data processing system 100
can then generate instructions 114, 124 that, when executed by the systems 112, 122,
cause the systems 112, 122 to perform operations equivalent to the operations identified
by the data processing system 100. The computer program 108 can be configured to
transmit the instructions 114, 124 to the systems 112, 122 when the computer program
108 is executed. The instructions 114, 124 can be instructions in any format that can be
executed by the systems 112, 122,

In some examples, the respective capabilities of the data sources 110, 120 are
known to the data processing system 100 based on known characteristics of the data
sources 110, 120. For example, if the data processing system 100 communicates with one
of the data sources 110 using SQL statements, then it is already known to the data
processing system 100 that the data source 110 is capable of processing SQL statements.
With this information, the data processing system 100 can identify other operations that
can be represented as SQL statements and thus be pushed down to the data source 110.

In some examples, the operation that is pushed down is an aggregation operation
105. Because an aggregation operation 105 takes in data and produces a summary of the
data, an aggregation opcration 105 typically produces a small amount of output data
relative to its input data. For this reason, it is generally more efficient for an operation
corresponding to the aggregation operation 105 to be carried out by the systems 112, 122
managing the data sources 110, 120. In this way, the data processing system 100 only
receives summary data 116, 126 from each of the data sources 110, 120. The summary
data 116, 126 is typically a smaller quantity of data than the data 106 that would be
transferred from the data sources 110, 120 if an operation corresponding to the
aggregation operation 105 were performed by the computer program 108 executing on

the data processing system 100. Further, an aggregation operation can generally be
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represented as a SQL statement or a portion of a SQL statement, and so it is an example
of an operation that can be pushed down to a system capable of processing SQL
statements (c.g., an RDBMS). In this way, the data 106 returned from cach data source
110, 120 is a summary of a portion of data stored in the respective data source, rather
than the portion of data (e.g., a portion of a database table or portion of other body of data
as specified by the query 102) itself.

The aggregation operation 105 can be pushed down even if a union-type operation
precedes the aggregation operation 105 in the query 102, which is shown in detail in
figures 3 and 4.

Figure 2 shows elements of the data processing system 100 that can be used to
interpret a query 102 and generate a computer program 108 corresponding to the query
102.

The query 102 is reccived by a query planner 130 which generates a query plan
132 corresponding to the query 102. For example, the data processing system 100 can
provide the query 102 to the query planner 130. A query plan is a description of
operations (e.g., data processing operations) that may be performed if the query is
executed. For example, the operations may be database operations, e.g., carried out by a
database management system. The operations could also take other forms. Database
operations are sometimes referred to as database functions or database tasks.

The query plan may describe one possible arrangement of operations, even if
other arrangements of the operations or a different set of operations would accomplish
the same result. A query planner is a system that can generate a query plan based on
information about a query and information about data sources used by the query.

In some arrangements, operations may be executed in various orders while still
providing equivalent outputs. As such, the query planner may have functionality that
determines an optimal query plan. For example, an optimal query plan could be the query
plan that describes the arrangement of operations for executing the query in the least
amount of time, or using the least amount of database resources such as data storage
space, or otherwise accomplishing the query within constraints that have been identified
by the database system. The query planner’s functionality for determining an optimal

query plan may include functionality that scores or ranks many possible query plans, and

- 10-
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may also include functionality that rearranges possible query plans to an optimal or
efficient configuration.

A single query can be exccuted multiple times, and cach cxecution could have a
unique optimal query plan. For example, the data within a database table could change
between two executions of a query. In this example, the operations described in the query
plan that was generated for the first execution of the query may need more or less
execution time during the second execution of the query than during the first execution.
In this case, a different arrangement of operations may be better suited to the second
execution of the query, for example, a different arrangement of the same operations, or an
arrangement of different operations. A query plan optimized for the second execution of
the query can be generated for that execution, taking into account the momentary state of
the database table.

The query plan 132 is received by a computer program generation engine 140.
The computer program generation engine 140 generates a computer program 108 that,
when executed, carries out operations corresponding to the query 102. For example, the
query 102 contains one or more operations defined by the structured query language and
arguments associated with the operations. In this example, the computer program 108
contains executable functionality that is equivalent to the operations of the SQL query,
and, when the computer program 108 is executed, the computer program 108 executes
based on the same arguments.

The computer program generation engine 140 analyzes the query plan 132 to
determine whether the operations represented by the query plan 132 should be changed
before the computer program 108 is generated. Because the computer program 108 is
generated based on the query plan 132, the computer program generation engine 140 can
use the results of the analysis to modify the query plan 132 before proceeding with the
generation of the computer program 108. For example, the query plan 132 may include a
union-type operation followed by an aggregation operation. 1f so, the computer program
generation engine 140 can modify the query plan 132 to place the aggregation operation
before the union-type operation. This is shown in further detail in figures 3 and 4.

When the computer program generation engine 140 generates the computer

program, the computer program generation engine 140 can identify the aggregation
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operations as candidates for push-down to the data sources because they are performed
on data received directly from the data sources (e.g., the data is not subject to any
operations before the aggregation operation). The computer program gencration engine
140 can then determine if either or both of the systems 112, 122 managing the data
sources 110, 120 are capable of performing an operation equivalent to the aggregation
operation. If the first system 112 is capable of performing an operation equivalent to the
aggregation operation, the computer program generation engine 140 configures the
computer program 108 to transmit instructions 114 to the first system 112 instructing the
first system 112 to perform the operation equivalent to the aggregation operation and
return summary data to the computer program. If the second system 122 is capable of
performing an operation equivalent to the aggregation operation, the computer program
generation engine 140 configures the computer program 108 to transmit instructions 124
to the second system 122 instructing the second system 122 to perform the operation
equivalent to the aggregation operation and return summary data to the computer
program.

In some implementations, the computer program 108 includes a dataflow graph
142. A dataflow graph is a computer program that contains components representing
operations to be performed on input data and links between the components (sometimes
called nodes) representing flows of data. The operations represented by the components
generate output data based on the input data by processing the input data. A component
can provide input data to and receive output data from other components if the
component is linked to the other components, in which each link between two
components represents a flow of data from one of the components to the other
component. A subset of components of a graph (e.g., one or more components of the
graph) is sometimes referred to as a subgraph of the graph. When the dataflow graph is
executed by a graph-based processing system, each of the components is executed, e.g., a
computer program or portion of a computer program is executed and carries out the
operation represented by the component. During execution the dataflow graph receives
input data which is processed (e.g., operated on by the operations of the dataflow graph’s
components) to generate output data. In some examples, some or all components of a

dataflow graph are each associated with information for invoking executable program
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code to perform the operation associated with the component. For example, a component
may be associated with a reference to a computer program stored in computer-readable
storage containing computer-cxccutable instructions for carrying out the opceration
associated with the component, e.g., processing and outputting data. In some examples,
some or all components of a dataflow graph are each associated with information for
making data available to the program code. For example, a component may be associated
with function calls that can be invoked to deliver data to the executable program
associated with the component, or the component may be associated with network ports
that can receive data that is delivered to the executable program associated with the
component, or the component may be associated with another technique for delivering
data to the executable program associated with the component. In this way, each
component can receive, process, and output data.

One example of a graph-based system is described in detail in U.S. Publication
No. 2007/0011668, titled “Managing Parameters for Graph-Based Applications,”
incorporated herein by reference. A system for executing graph-based computations is
described in U.S. Patent 5,966,072, titled “Executing Computations Expressed as
Graphs,” incorporated herein by reference. Further, components of a dataflow graph can
be substituted for operations of a query 102. Techniques in accordance with this
substitution are further described in U.S. Publication No. 2011/0179014A1, titled
“Managing Data Queries,” and U.S. Publication No. 2012/0284255A1, also titled
“Managing Data Queries,” incorporated herein by reference. In some implementations, a
dataflow graph can be produced from a query 102.

In somc implementations, the computer program 108 can be configured with
parameters. For example, the parameters may be values that can be changed to change the
behavior of the program. As a specific example, a parameter may be “filename” and the
value of the parameter could be the location of a file in a file system. The value of the
parameter can be changed to a location of a different file to configure the program to
access the different file. Two instances of the same program can be configured with
different parameter values, which will change the behavior of the two instances of the

same program.
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An execution engine 150 receives the computer program 108. The execution
engine 150 then executes the computer program 108, e.g., carries out instructions
specified by program code associated with the computer program 108. When exccuted,
the computer program 108 generates instructions 114, 124 and transmits the instructions
114, 124 to the systems 112, 122 managing the data sources 110, 120.

In some implementations, for example, if the computer program 108 is a dataflow
graph, the execution engine 150 includes a specialized operating system, sometimes
called a graph operating system. A graph operating system is a computer program
capable of executing the operations underlying individual components of a dataflow
graph. For example, if a component of a dataflow graph represents an operation to be
carried out by a data processing system, the graph operating system is tasked with
instructing a data processing system to carry out the operation.

After sending the instructions 114, 124 to the systems 112, 122 managing the data
sources 110, 120, the computer program 108 receives summary data 116, 126 from the
data sources 110, 120. The execution engine 150 then uses the summary data 116, 126 in
the execution of the computer program 108 to produce results 104 of the query 102. In
this way, the data processing system 100 can execute the query 102 to generate results
104 specified by the query.

Figure 3 shows a query 200 written in SQL and a pictorial representation of a
query plan 210 representing the query. For example, the query 200 could be an example
of the query 102 shown in figures 1 and 2, and the query plan 210 could be an example of
the query plan 132 shown in figure 2. The query 200 is used to calculate the maximum
valuc of a column called “price” found in two data sources (c.g., relational database
tables) called “Boston” and “New York.” The two data sources are identified by
arguments 202, 204 in the query 200. The query 200 also calls for an operation called
“GROUP BY hotel chain™ to be performed, which groups the data of the output
according to one of the columns of the output, which here is the hotel chain column. As a
real-world example, this query could be used to obtain the maximum (“max”) price of
hotel rooms recorded in both a Boston database of hotels and a New York database of

hotels. When the query is executed, the data from the two data sources is unioned (e.g.,
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combined) and grouped by hotel chain. Then, the maximum price of a hotel room for
each hotel chain is identified and returned.

The query plan 210 includes an identification of the two data sources 212, 214,
which each provide data that are combined by a union-type operation 216. For example,
the union-type operation 216 could be equivalent to “union” or “union all,” depending,
for example, on the operation specified in the SQL query 200. Here, the “union”
operation (e.g, the UNION command) is specified in the SQL query 200.

The output of the union-type operation 216 is provided to a GROUP BY
operation 217 which processes the data, e.g., by grouping the data by the hotel chain
column. The processed data is passed to a rollup operation 218 which determines the
maximum value of the input data. The maximum value is the result of the query 200.

Figure 4 shows another version of the query plan 210a. This version of the query
plan 210a has been modified, ¢.g., modified by the computer program generation engine
140 shown in figure 2. (In some examples, the modification is performed in the query
planner 130 before the query plan 132 is provided to the generation engine 140). In this
version of the query plan 210a, a rollup operation 218a has been placed between the first
data source 212 and the union-type operation 216, and another rollup operation 218b has
been placed between the second data source 214 and the union-type operation 216. This
arrangement of the query plan 210a will produce the same output as the query plan 210 in
the arrangement shown in figure 3. Further, if either data source data source 212, 214 is
capable of carrying out an operation equivalent to the rollup operation 218a, 218b, then
the respective rollup operation 218a, 218b can be pushed down to the corresponding data
source 212, 214.

This version of the query plan 210a includes an additional rollup operation 219
after the union-type operation. Because the rollup operations 218a, 218b each represent a
“max” (maximum) operation, the maximum of the union-type operation output must be
determined to identify the maximum value between the two values output by the union-
type operation (e.g., the two values returned by the rollup operations 218a, 218b). Thus, a
rollup operation 219 operates on the output of the union-type operation 216 and GROUP
BY operation 217, just as a rollup operation 218 operates on the output of the union-type

operation 216 and GROUP BY operation 217 shown in figure 3. However, this rollup
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operation 219 shown in figure 4 operates in a very small amount of data relative to the
rollup operation 218 in this position shown in figure 3.

The query plan 210a shown in figure 4 can be generated bascd on propertics of
aggregation operations. For example, the following are some properties of aggregation
operations, including MIN (minimum data value), MAX (maximum data value), SUM
(summation of data values), COUNT (number of records), and AVG (average of data
values). Each of these properties represents an expression that includes an aggregation
operation, and an equivalent expression that includes multiple aggregation operations
performed in a sequence. Some of these properties include an application of a distributive
property, in which, given a function f, the expression f{X, Y) is equivalent to the
expression f{f{X), f(Y)). In general, an aggregation operation can be converted to a
sequence of aggregation operations according to these properties, and then some of the

operations of the sequence can be “pushed down” to a system that manages a data source.

Property 1: AGG(X UNION ALL Y) = AGG(AGG(X) UNION ALL AGG(Y))
[where AGG is one of MIN, MAX, or SUM]

Property 2: COUNT(X UNION ALL Y) = SUM(COUNT (X) UNION ALL
COUNT (Y))

Property 3: AVG(X UNION ALL Y) = SUM(X UNION ALL Y)/ COUNT(X
UNION ALL Y) = SUM(SUM(X) UNION ALL SUM(Y)) / SUM(COUNT(X)
UNION ALL COUNT(Y))

Property 4: AGG(X UNION Y) = AGG(AGG(X) UNION AGG(Y)) [where AGG
is one of MIN or MAX]

The following pseudocode represents a technique for modifying a query plan to

push down one or more aggregation operations cach following a union-type operation.

Given a query plan with a range table of scopes and subqueries, where

each subquery defines a target list of target entry expressions:
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Traverse each subquery in the query plan starting from the top level.
For each subquery perform the following checks and transformations:
Check if query has just one range table of subquery type with non-
empty union parameter. Go to the next subquery if not.
For each target entry in query target list:
Check if target entry has an aggregate command. Go to the next
target entry 1f not.
Check if (aggregate command in (SUM, COUNT, AVG) and UNION ALL)
or (aggregate command in (MIN, MAX) and UNION). Go to the next subquery if not.
Transform subquery in query range table.
For each range table in subquery:
Create new subguery and copy range table to the new
subquery's range table list.
Copy query target list and group clause to the new subquery's
target list and group clause.
Check if target list has AVG function. Add SUM() and COUNT()
functions for each AVG() function to the target list if so.
Replace range table with new subquery.
For each target entry in query target list:
Check if target list has AVG function. Replace each AVG()
functicn with corresponding newly formed SUM()/COUNT().

Figure 5 shows a computer program 300 generated from the query plan 210a. This
computer program 300 could be an example of the computer program 108 shown in
figures 1 and 2. This computer program 300 is a dataflow graph containing components
connected by links representing flows of data, and could also be an example of a dataflow
graph 132 as shown in figure 2.

The computer program 300 has components representing executable code (e.g.,
one or more executable operations). The computer program 300 has a component 302
representing output data of the first data source 212 and a component 304 representing
output data of the second data source 214. The two components 302, 304 are linked to a
component 306 representing the union-type operation 216. In some implementations, the
component 306 can be a combination of multiple components, e.g., a subgraph. This
component 306 is linked to a component 308 together representing the rollup operation

219 and the GROUP BY operation 217. When the computer program 300 executes, the
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output of the computer program 300 is equivalent to the output of a system that exccutes
the query 200 written in SQL shown in figure 3.

Each of the components 302, 304 representing output data of data sources has
been configured to transmit instructions to their corresponding data sources. For example,
the component 302 representing output data of the Boston data source 212 has been
configured with instructions which, when transmitted to a system managing the Boston
data source 212 (e.g., a system managing the data sets stored at the Boston data source
212), performs an operation cquivalent to a summarization operation represented by the
rollup operation 218a shown in figure 4. The operation is carried out before any data is
received by the computer program 300. In some implementations, the component 302
may transmit a SQL query to the system managing the Boston data source 212. Here, the
SQL query may specify a maximum of the “price” column of a database table stored at
the Boston data source 212. The instructions could be a SQL statement, e.g. “SELECT
max (price), hotel chain FROM Boston GROUP BY hotel chain”. In
this way, the rollup operation 218a has been pushed down to the Boston data source 212.

In this example, the aggregation operations have been pushed down to both the
Boston data source 212 and the New York data source 214. Thus, the systems managing
the Boston data source 212 and the New York data source 214 have been determined to
be capable of performing an operation equivalent to the aggregation operation. In some
implementations, this determination is made by the computer program gencration engine
140 shown in figure 2, and the computer program generation engine 140 uses this
determination when generating the computer program 300. In some implementations, this
determination is made by the query planner 130 shown in figure 2, and the query plan
132 is modified by the query planner 130 to incorporate the push-down of the
aggregation operations. In these implementations, the computer program generation
engine 140 can generate the computer program 300 from the query plan 132 and does not
need to evaluate the capabilities of the systems managing the data sources identified in
the query plan 132.

In some examples, at least one of the data sources may not be capable of
performing an operation equivalent to the aggregation operation. Figure 6 shows an

example of a computer program 300a generated from the query plan 210a. In this
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example, system managing the Boston data source 212 has been determined to be capable
of performing an operation equivalent to the aggregation operation. However, the system
managing thc New York data source 214 has been determined to be incapable of
performing an operation equivalent to the aggregation operation. Thus, in this computer
program 300a, the component 304 representing the output of the New York data source
214 is linked to a rollup component 305, which is linked to the component 306
representing the union-type operation. Here, because the MAX operation cannot be
pushed down to the New York data source 214, the operation is instead performed at the
rollup component 305. The component 302 representing the output of the Boston data
source 214 is configured to send instructions to the Boston data source 214 to carry out
an operation equivalent to the aggregation operation 218a from the query plan 210, and
so the component 302 representing the output of the Boston data source 214 is linked to
the component 306 representing the union-type operation. In this way, an aggregation
operation can be pushed down to some data sources even if other data sources do not
support the operation.

Figure 7 shows a flowchart representing a procedure 400 for generating a
computer program based on an SQL query. The procedure 400 can be carried out, for
example, by components of the data processing system 100 shown in figure 1.

The procedure receives 402 a SQL query. For example, the SQL query can be an
example of the query 102 shown in figure 1. In some examples, the SQL query includes
references to one or more data sets that are external to the data processing system. For
example, the query could have a reference to a first data set stored at a first data source,
and a reference to a sccond data set stored at a sccond data source different from the first
data source. For example, the data sources could be relational databases (e.g., storing
relational database tables), flat files accessible on data storage, data streams accessible
via a network, HDFS (Hadoop Distributed File System) files, or other kinds of data
sources. The data sources 110, 120 shown in figure 1 are examples of data sources, and
the data sets could be data stored at the data sources 110, 120. Examples of references are
the arguments 202, 204 shown in figure 3.

The procedure determines 404 that the SQL query includes two or more

commands, the commands including a first union-type operation and a first aggregation
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operation. In some implementations, the union-type operation is applied to a first portion
of data based on data received from a first data source, and also is applied to a second
portion of data bascd on data received from a second data source. An example of the SQL
query is the SQL query 200 shown in figure 3. In some implementations, the SQL query
is determined to include the union-type operation and the first aggregation operation
based on a query plan generated from the SQL query.

The procedure determines 406 that the SQL query describes that the first union-
type operation shall be applied to at least a portion of data from the first data sct, and
applied to at least a portion of data from the second data set. For example, the process
could parse the SQL query to identify the union-type operation (e.g., UNION or UNION
ALL) and identify arguments corresponding to the portions of data (e.g., arguments
specifying data sources containing the portions of data).

The procedure determines 408 that the SQL query describes that the first
aggregation operation shall be applied to data resulting from the first union-type
operation. For example, the procedure could parse the SQL query to identify the first
aggregation operation and, for example, that the union-type operation is provided as an
argument to the first aggregation operation.

In some implementations, the procedure determines a second aggregation
operation based on the first aggregation operation. For example, the procedure may
determine a sequence of operations that, when carried out, produces output equivalent to
output of the first aggregation operation, and selects the second aggregation operation
from the sequence of operations. As one example, the first aggregation operation could
be a minimum, maximum, sum, or count operation, and the sccond aggregation opcration
could be of the same type of aggregation operation as the first aggregation operation. As
another example, the first aggregation operation could be an average operation, and the
sccond aggregation operation could be a sum operation or a count operation. In these
examples, the second aggregation operation is selected according to one of Properties 1-4
described above.

In some implementations, the procedure determines that the second aggregation
operation can be performed by a system that manages the first data source. For example,

if the system that manages the data source is an RDBMS that can execute SQL
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statements, then the system can perform the aggregation operation if the operation is
represented as part of a SQL statement. Examples of an RDBMS 112, 122 are shown in
figure 1.

The procedure generates 410 a computer program based on the SQL query. In
some implementations, the computer program is generated by a first system, e.g., the data
processing system 100 shown in figure 1. The execution of the program may correspond
to the procedure 500 shown in figure 8 below. In some implementations, this includes
generating a query plan based on the SQL query; adding, to the query plan, a second
aggregation operation which is applied to data from the first data source; determining that
a first system associated with the first data source includes the functionality for carrying
out the second aggregation operation; appending, to a portion of the query plan
representing the first data source, instructions to carry out the second aggregation
operation; and generating the computer program based on the query plan. The program
can then be executed.

In some implementations, the computer program generated 410 in the procedure
400 includes a first component representing the union-type operation of the SQL query.
The first component is applied to a summary of the first portion of data and a summary of
the second portion of data, where the summaries each contain fewer records than their
respective corresponding portions of data. The computer program can also include a
second component representing the first data source, where the second component, when
executed, causes the instructions to be transmitted for execution by the first system. The
instructions may include a SQL statement that includes a command corresponding to the
sccond aggregation operation. Further, the instructions arc carried out before the first
system causes data to be transmitted to a system executing the computer program.

In this example, the output of the second component may include the summary of
the first portion of data from the first data source. The computer program may also
include a third component representing the second data source, and a fourth component
representing a third aggregation operation, where the output of the third component flows
to the fourth component, and the output of the fourth component flows to the first
component. For example, the third aggregation operation could be represented by the

component 305 shown in figure 6. Further, the output of the first component may flow to
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another aggregation operation, e.g., as represented by the component 308 shown in figure
6.

In somc implementations, the computer program also transmits instructions that
direct a third system to perform a second aggregation operation on a portion of data from
the second data set, and receives, from the third system, a particular data set that is the
summary of the second portion of data. This may occur, for example, when a
determination is made that the system managing the second data source can perform the
sccond aggregation operation.

Figure 8 shows a flowchart representing a procedure 500 for executing operations
in connection with executing a SQL query. The procedure 500 can be carried out, for
example, by a first system, such as components of the data processing system 100 shown
in figure 1. For example, the procedure 500 can be carried out by the execution engine
150 shown in figurc 2 when the execution engine 150 executes at least part of a computer
program generated from a SQL query. The computer program could be the computer
program 108 shown in figures 1-2 and the computer program generated 410 in figure 7.
Further, the SQL query could be the query 102 shown in figures 1 and 2.

The procedure transmits 502 instructions that direct a second system to perform a
second aggregation operation on a portion of data from the first data set. For example, the
second system can be one of the systems 112, 122 shown in figure 1. The instructions can
be in the form of a SQL statement. For example, the instructions can be the instructions
114, 124 shown in figure 1.

The procedure receives 504, from the second system, a particular data set that is a
summary of the first portion of data. For cxample, the portion of data can be a portion of
data referenced in the SQL query from which the computer program was generated.

The procedure 506 performs a second union-type operation on the particular data
set and a summary of a portion of data from the second data set. For example, the second
portion of data can be another portion of data referenced in the SQL query from which
the computer program was generated. In some implementations, the second union-type
operation is of the same type as the first union-type operation. As described above, one

type of union-type operation is “union’ and another is “union all.” For example, if the
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first union-type operation is a “union all” operation, and the second union-type operation
is also a “union all” operation, then the two operations are of the same type.

In this way, the computer program produces output cquivalent to output of the
SQL query, e.g., as if the SQL query were processed by a relational database system or
other system that evaluates (e.g., executes) SQL queries. However, because operations
are “pushed down” to data sources, the computer program may operate more efficiently
than if the operations were carried out by the computer program itself.

The query planner 130, generation engine 140, and/or execution engine 150
shown in figure 2 may be hosted, for example, on one or more general-purpose
computers under the control of a suitable operating system, such as a version of the
UNIX operating system. For example, this can include a multiple-node parallel
computing environment including a configuration of computer systems using multiple
central processing units (CPUs) or processor cores, cither local (¢.g., multiprocessor
systems such as symmetric multi-processing (SMP) computers), or locally distributed
(c.g., multiple processors coupled as clusters or massively parallel processing (MPP)
systems, or remote, or remotely distributed (e.g., multiple processors coupled via a local
area network (LAN) and/or wide-area network (WAN)), or any combination thereof.

The computer programs 300, 300a shown in figures 5 and 6 may be displayed in a
development environment. The development environment is, in some implementations, a
system for developing applications as dataflow graphs. Dataflow graphs made in
accordance with this system provide methods for getting information into and out of
individual processes represented by graph components, for moving information between
the processcs, and for defining a running order for the processes. This system includes
algorithms that choose interprocess communication methods from any available methods
(for example, communication paths according to the links of the graph can use TCP/IP or
UNIX domain sockets, or use shared memory to pass data between the processes).

The techniques described above can be implemented using a computing system
exccuting suitable software. For example, the software may include procedures in one or
more computer programs that execute on one or more programmed or programmable
computing system (which may be of various architectures such as distributed,

client/server, or grid) each including at least one processor, at least one data storage
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system (including volatile and/or non-volatile memory and/or storage elements), at least
one user interface (for receiving input using at least one input device or port, and for
providing output using at lcast onc output device or port). The software may include one
or more modules of a larger program, for example, that provides services related to the
design, configuration, and execution of dataflow graphs. The modules of the program
(e.g., elements of a dataflow graph) can be implemented as data structures or other
organized data conforming to a data model stored in a data repository.

The software may be provided on a tangible, non-transitory medium, such as a
CD-ROM or other computer-readable medium (¢.g., readable by a general or special
purpose computing system or device), or delivered (e.g., encoded in a propagated signal)
over a communication medium of a network to a tangible, non-transitory medium of a
computing system where it is executed. Some or all of the processing may be performed
on a special purpose computer, or using special-purpose hardware, such as coprocessors
or field-programmable gate arrays (FPGAs) or dedicated, application-specific integrated
circuits (ASICs). The processing may be implemented in a distributed manner in which
different parts of the computation specified by the software are performed by different
computing elements. Each such computer program is preferably stored on or downloaded
to a computer-readable storage medium (e.g., solid state memory or media, or magnetic
or optical media) of a storage device accessible by a general or special purpose
programmable computer, for configuring and operating the computer when the storage
device medium is read by the computer to perform the processing described herein. The
inventive system may also be considered to be implemented as a tangible, non-transitory
medium, configured with a computer program, where the medium so configured causes a
computer to operate in a specific and predefined manner to perform one or more of the
processing steps described herein.

A number of embodiments of the invention have been described. Nevertheless, is
to be understood that the foregoing description is intended to illustrate and not to limit the
scope of the invention, which is defined by the scope of the following claims.
Accordingly, other embodiments are also within the scope of the following claims. For

example, various modifications may be made without departing from the scope of the
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invention. Additionally, some of the steps described above may be order independent,

and thus can be performed in an order different from that described.
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What is claimed is:

1. A computer-implemented method of generating a computer program based on an SQL
query, including:
receiving a SQL query, including a reference to a first data set stored at a first
data source, and including a reference to a second data set stored at a second data source
different from the first data source;
determining that the SQL query includes two or more commands, the commands
including a first union-type operation, and a first aggregation operation, and
determining that the SQL query describes that the first union-type operation shall
be applied to at least a portion of data from the first data set, and applied to at least a
portion of data from the second data set;
determining that the SQL query describes that the first aggregation operation shall
be applied to data resulting from the first union-type operation;
determining a sequence of operations that, when carried out, produces output
equivalent to output of the first aggregation operation, and selecting a second aggregation
operation from the sequence of operations;
generating a computer program on a first system based on the SQL query, the
computer program configured for:
transmitting instructions that direct a second system to perform the second
aggregation operation on a portion of data from the first data set;
receiving, from the second system, a particular data set that is a summary
of the portion of data from the first data set; and
performing a second union-type operation on the particular data set and a

summary of a portion of data from the second data set.
2. The method of claim 1 in which the first system includes a graph-based

processing system, and the second system includes a relational database management

system.
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3. The method of claim 1 in which the computer program is further
configured for:

transmitting instructions that direct a third system to perform a second
aggregation operation on a portion of data from the second data set; and

receiving, from the third system, a particular data set that is the summary of the

portion of data from the second data set.

4. The method of claim 1 in which the computer program includes:

a first component representing the union-type operation of the SQL query that is
applied to the data sets that are summaries of the portion of data from the first data set
and a summary of the portion of data from the second data set, where the summaries each
contain fewer records than their respective corresponding portions of data, and

a second component representing the first data set, where the second component,

when executed, causes the instructions to be transmitted.

3 The method of claim 4, including
a third component representing the second data set, and a fourth component
representing a third aggregation operation, where output of the third component flows to

the fourth component, and output of the fourth component flows to the first component.

6. The method of claim 4 in which the output of the second component
includes the particular data set that is the summary of the portion of data from the first

data set.
7. The method of claim 4 in which the component representing the first data
source transmits the instructions, wherein the instructions are carried out before the first

system causes data to be transmitted to a system executing the computer program.

8. The method of claim 1 in which the instructions include a SQL statement

that includes a command corresponding to the second aggregation operation.
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g The method of claim I in which generating the computer program based
on the SQL query includes

generating a query plan based on the SQL query;

adding, to the query plan, the second aggregation operation that is applied to data
from the first data source;

determining that the first system includes functionality for carrying out the second
aggregation operation;

appending, to a portion of the query plan representing the first data set,
instructions to carry out the second aggregation operation; and

generating the computer program based on the query plan.

10.  The method of claim 1 in which the first aggregation operation is a
minimum, maximum, sum, or count operation, and the second aggregation operation is of

the same type of aggregation operation as the first aggregation operation.

11.  The method of claim 1 in which the first aggregation operation is an
average operation, and the second aggregation operation is a sum operation or a count

operation.

12. The method of claim 1, including determining the second aggregation

operation based on first aggregation operation.

13. The method of claim 1 in which the first union-type operation is of the

same type to the second union-type operation.
14. A system for generating a computer program based on an SQL query,

including:

one or more processors configured for:

< I



receiving a SQL query, including a reference to a first data set stored at a first
data source, and including a reference to a second data set stored at a second data source
different from the first data source;
determining that the SQL query includes two or more commands, the commands
including a first union-type operation, and a first aggregation operation, and
determining that the SQL query describes that the first union-type operation shall
be applied to at least a portion of data from the first data set, and applied to at least a
portion of data from the second data set;
determining that the SQL query describes that the first aggregation operation shall
be applied to data resulting from the first union-type operation;
determining a sequence of operations that, when carried out, produces output
equivalent to output of the first aggregation operation, and selecting a second aggregation
operation from the sequence of operations;
generating a computer program on a first system based on the SQL query, the
computer program configured for:
transmitting instructions that direct a second system to perform the second
aggregation operation on a portion of data from the first data set;
receiving, from the second system, a particular data set that is a summary
of the portion of data from the first data set: and
performing a second union-type operation on the particular data set and a

summary of a portion of data from the second data set.

15. A computer-readable medium storing executable code that, when executed,
causes a computer system to carry out operations for generating a computer program
based on an SQL query, including:

receiving a SQL query, including a reference to a first data set stored at a first
data source, and including a reference to a second data set stored at a second data source
different from the first data source;

determining that the SQL query includes two or more commands, the commands

including a first union-type operation, and a first aggregation operation, and
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determining that the SQL query describes that the first union-type operation shall
be applied to at least a portion of data from the first data set, and applied to at least a
portion of data from the second data set;
determining a sequence of operations that, when carried out, produces output
equivalent to output of the first aggregation operation, and selecting a second aggregation
operation from the sequence of operations;
determining that the SQL query describes that the first aggregation operation shall
be applied to data resulting from the first union-type operation;
generating a computer program on a first system based on the SQL query, the
computer program configured for:
transmitting instructions that direct a second system to perform the second
aggregation operation on a portion of data from the first data set;
receiving, from the second system, a particular data set that is a summary
of the portion of data from the first data set; and
performing a second union-type operation on the particular data set and a

summary of a portion of data from the second data set.

16. A system for generating a computer program based on an SQL query.
including:

means for receiving a SQL query, including a reference to a first data set stored at
a first data source, and including a reference to a second data set stored at a second data
source different from the first data source;

means for determining that the SQL query includes two or more commands, the
commands including a first union-type operation, and a first aggregation operation, and

means for determining that the SQL query describes that the first union-type
operation shall be applied to at least a portion of data from the first data set, and applied
to at least a portion of data from the second data set;

means for determining that the SQL query describes that the first aggregation

operation shall be applied to data resulting from the first union-type operation;
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means for determining a sequence of operations that, when carried out, produces
output equivalent to output of the first aggregation operation, and selecting a second
aggregation operation from the sequence of operations;
means for generating a computer program on a first system based on the SQL
query, the computer program configured for:
transmitting instructions that direct a second system to perform the second
aggregation operation on a portion of data from the first data set;
receiving, from the second system, a particular data set that is a summary
of the portion of data from the first data set; and
performing a second union-type operation on the particular data set and a

summary of a portion of data from the second data set.
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