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SUB-GRAPH INTERFACE GENERATION

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Application Serial No. 62/270,163, filed
on December 21, 2015.

BACKGROUND

This description relates to generation for sub-graph interfaces for dynamically
linked sub-graphs.

Many software applications exist for processing data. Some of these software
applications are specified as dataflow graphs. Dataflow graphs typically include a
number of data processing components, which are interconnected by links, sometimes
referred to as “flows.”

In operation, data (e.g., a dataset) is received by a dataflow graph from a database
or from some other data storage system. The received data advances through the
dataflow graph by propagating through the flows and into the components according to
dependencies defined by the interconnection of the components and flows. Each
component processes data that it receives according to a predetermined function
associated with the component before providing the processed data as output data via one
or more flows. At the output of the dataflow graph the processed data is, for example,
stored in another data storage system, provided to another downstream system, or
presented to a user.

A developer of a dataflow graph generally specifies the graph by dragging blocks
representing components onto a graphical working area (or “canvas”) provided by a
graphical development environment (GDE) and interconnecting the components with
links representing data flows such that the dataflow graph implements a desired
functionality. Once the developer is satisfied with their implementation of the dataflow
graph they can save the dataflow graph to storage for later use. In general, if the
developer needs to alter the their implementation of the dataflow graph at a later time,
they cause the GDE to read the saved dataflow graph from storage, make changes to the

dataflow graph, and then re-save the altered dataflow graph to storage.
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In some examples, the components of a dataflow graph are themselves
implemented using dataflow graphs which are referred to as “sub-graphs.” To alter a
sub-graph of a component that is used in a given dataflow graph, the dataflow graph is
read from disk, the sub-graph component is opened such that its sub-graph can be edited,
changes to the sub-graph are made, and the dataflow graph itself is re-saved to storage,

thereby embedding the changes to the sub-graph in the saved dataflow graph.

SUMMARY

In a general aspect, a method includes receiving a specification including a
description of a first directed graph including a first number of components
interconnected by a first set of one or more directed links, and forming a graph interface
for the first number of components. The graph interface is a placeholder in a container
graph to be replaced by an implementation that conforms to the graph interface prior to
execution of the container graph. Forming the graph interface includes, forming a first
interface element of the graph interface, the first interface element being associated with
a first port of a first component of the first number of components, and configuring one
or more properties of the first interface element such that the first port of the first
component is consistent with the one or more properties of the first interface element,
forming a first implementation of the graph interface including the first number of
components, the forming including forming a first correspondence between the first
interface element and the first port of the first component of the first number of
components, and storing the first implementation of the graph interface in a data storage
system.

Aspects may include one or more of the following features.

The method may include storing, in the data storage system, a specification
including a description of a second directed graph including a second number of
components interconnected by a second set of one or more directed links, identifying an
instance of the first number of components interconnected by the first set of one or more
directed links of the first directed graph in the second directed graph, and replacing the
identified instance of the first number of components interconnected by the first set of
one or more directed links in the second directed graph with the graph interface.

Configuring the one or more properties of the first interface element may include
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determining one or more descriptors of data or computational characteristics associated
with the first port of the first component and configuring the one or more properties of
the first interface element based on the determined one or more descriptors.

Configuring the one or more properties of the first interface element based on the
determined one or more descriptors may include determining a direction of propagation
of one or more descriptors of data or computational characteristics associated with the
tirst port of the tirst component and configuring the one or more properties of the first
interface element based on the determined direction of propagation.

Determining a direction of propagation of one or more descriptors of data or
computational characteristics associated with the first port of the first component may
include identifying the first port as a port that propagates descriptors of data or
computational characteristics to the first interface element and assigning an outward
direction of propagation to the first interface element based on the identification.
Determining the direction of propagation of one or more descriptors of data or
computational characteristics associated with the first port of the first component may
include identifying the first port as a port that does not propagate descriptors of data or
computational characteristics to the first interface element and assigning an inward
direction of propagation to the first interface element based on the identification. The
assigned direction of propagation is then used during propagation of descriptors of data
or computational characteristics prior to execution of the container graph that contains the
first implementation of the graph interface.

Forming the graph interface may include forming a second interface element of
the graph interface, the second interface element being associated with a second port of a
second component of the first number of components, determining a direction of
propagation of one or more descriptors of data or computational characteristics associated
with the second port of the second component including identifying the second port as a
port that does not propagate descriptors of data or computational characteristics to the
second interface element and assigning an inward direction of propagation to the second
interface element based on the identification, and identifying a relationship between the
one or more descriptors of data or computational characteristics associated with the first

port of the first component and the one or more descriptors of data or computational
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characteristics associated with the second port of the second component and forming a
representation of the identified relationship between the first interface element and the
second interface element.

The representation of the relationship may includes a constraint indicating that
one or more descriptors of data or computational characteristics associated with the first
interface element are the same as one or more descriptors of data or computational
characteristics associated with the second interface element. The method may include
modifying the one or more properties of the first interface element such that ports of one
or more other components conform to the one or more properties of the first interface
element. Modifying the one or more properties of the first interface element may include
receiving user input and modifying the one or more properties of the first interface
element based on the user input. Modifying the one or more properties of the first
interface element may include analyzing the one or more other components to determine
one or more descriptors of data or computational characteristics associated with the ports
of the one or more other components and modifying the one or more properties of the
first interface element based on the determined one or more descriptors of data or
computational characteristics associated with the ports of the one or more other
components.

Modifying the one or more properties of the first interface element may include
analyzing the one or more other components to determine a direction of propagation of
one or more descriptors of data or computational characteristics associated with the ports
of the one or more other components and modifying the one or more properties of the
first interface element based on the determined direction of propagation. Forming the
graph interface may include identifying a parameter associated with the first number of
components and adding an interface element associated with the parameter to the graph
interface. The method may include identifying a parameter value corresponding to the
parameter and configuring the graph interface to use the identified parameter value as a
default value.

The method may include preparing the second directed graph for execution
including reading the first implementation of the graph interface from the data storage

system, and inserting the first implementation into the second directed graph including
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establishing a directed link between the first port of the first component of the first
number of components in the first implementation of the graph interface and the first
interface element of the graph interface based on the first correspondence between the
first interface element and the first port of the first component of the first number of
components in the first implementation of the graph interface. The method may include
preparing the second directed graph for execution including reading a second
implementation of the graph interface, different from the first implementation of the
graph interface, from the data storage system, and inserting the second implementation
into the second directed graph including establishing a directed link between a port of a
component in the second implementation of the graph interface and the first interface
element of the graph interface based on a second correspondence between the first
interface element and the port of the component in the second implementation of the
graph interface.

The first interface element may include a flow junction for joining a directed link
connected to the first port of the first component of the first number of components to a
port of another component not included in the first number of components.

In another general aspect, software is stored in a non-transitory form on a
computer-readable medium, for determining a graph interface and an implementation of
the graph interface. The software includes instructions for causing a computing system to
receive a specification including a description of a first directed graph including a first
number of components interconnected by a first set of one or more directed links, form a
graph interface for the first number of components. The graph interface is a placeholder
in a container graph to be replaced by an implementation that conforms to the graph
interface prior to execution of the container graph. Forming the graph interface includes:
forming a first interface element of the graph interface, the first interface element being
associated with a first port of a first component of the first number of components, and
configuring one or more properties of the first interface element such that the first port of
the first component is consistent with the one or more properties of the first interface
element, form a first implementation of the graph interface including the first number of
components, the forming including forming a first correspondence between the first

interface element and the first port of the first component of the first number of
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components, and store the first implementation of the graph interface in the data storage
system.

In another general aspect, a computing system for determining a graph interface
and an implementation of the graph interface includes an input device configured to
receive a specification including a description of a first directed graph including a first
number of components interconnected by a first set of one or more directed links, and at
least one processor configured to process the specification. The processing includes
forming a graph interface for the first number of components. The graph interface is a
placeholder in a container graph to be replaced by an implementation that conforms to the
graph interface prior to execution of the container graph. Forming the graph interface
includes: forming a first interface element of the graph interface, the first interface
element being associated with a first port of a first component of the first number of
components, and configuring one or more properties of the first interface element such
that the first port of the first component is consistent with the one or more properties of
the first interface element, forming a first implementation of the graph interface including
the first number of components, the forming including forming a first correspondence
between the first interface element and the first port of the first component of the first
number of components, and storing the first implementation of the graph interface in the
data storage system.

In another general aspect, a computing system for determining a graph interface
and an implementation of the graph interface includes means for receiving a specification
including a description of a first directed graph including a first number of components
interconnected by a first set of one or more directed links, and means for processing the
specification. The processing includes forming a graph interface for the first number of
components. The graph interface is a placeholder in a container graph to be replaced by
an implementation that conforms to the graph interface prior to execution of the container
graph. Forming the graph interface includes: forming a first interface element of the
graph interface, the first interface element being associated with a first port of a first
component of the first number of components, and configuring one or more properties of
the first interface element such that the first port of the first component is consistent with

the one or more properties of the first interface element, forming a first implementation
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of the graph interface including the first number of components, the forming including
forming a first correspondence between the first interface element and the first port of the
first component of the first number of components, and storing the first implementation
of the graph interface in the data storage system.

In another general aspect, a method for determining a graph interface includes
receiving a specification including a description of a first directed graph including a
number of components interconnected by directed links, and forming a graph interface
for the first directed graph. The graph interface is a placeholder in a container graph to
be replaced by an implementation that conforms to the graph interface prior to execution
of the container graph. Forming the graph interface includes: analyzing the first directed
graph to identify information for forming one or more interface elements of the graph
interface, and forming the one or more interface elements, each of at least some interface
elements of the one or more interface elements being associated with one or more
properties including at least one of a metadata descriptor property or a direction of
metadata propagation property, and for each of at least some interface elements of the
one or more interface elements, analyzing the first directed graph to determine whether a
value of the metadata descriptor property associated with the interface element is
propagated to the interface element from the first directed graph or is propagated to the
interface element from a second directed graph that is a container graph in which the
graph interface is utilized, and configuring the direction of metadata propagation property
for the interface element based on a result of the analysis.

Aspects may include one or more of the following features.

The metadata descriptor property associated with the interface element may
include a data characteristic of data transferred via the interface element or a
computational characteristic of one or more of the number of components. The data
characteristic may include a format of fields of records within the transferred data. The
computational characteristic may include a degree of parallelism of execution of a
computation represented by one or more of the number of components. Forming a graph
interface for the first directed graph may include, for each of at least some interface
elements of the one or more interface elements, analyzing the first directed graph to

determine that the one or more properties associated with the interface element specify
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that the interface element is configured to transfer a parameter value through the graph
interface. Determining whether the value of the metadata descriptor property associated
with the interface element is propagated to the interface element from the first directed
graph or is propagated to the interface element from the second directed graph may
include determining that the value of the metadata descriptor property associated with the
interface element is propagated to the interface element from the first directed graph
based on an identification of a component of the number of components that propagates a
value of the metadata descriptor property to the interface element.

Determining whether the value of the metadata descriptor property associated
with the interface element is propagated to the interface element from the first directed
graph or is propagated to the interface element from the second directed graph may
include determining that the value of the metadata descriptor property associated with the
interface element is propagated to the interface element from the second directed graph
based on a determination that no component of the number of components propagates a
value of the metadata descriptor property to the interface element. Forming the graph
interface for the first directed graph may include determining that two or more of the
interface elements are each necessarily associated with a same property. The method
may include storing, in a data storage system, a representation of the graph interface and
a representation of the first directed graph. At least some of the one or more interface
elements may include a flow junction for joining a directed link connected to a port of a
component of the number of components to a port of another component not included in
the number of components.

In another general aspect, software stored in a non-transitory form on a computer-
readable medium, for determining a graph interface includes instructions for causing a
computing system to receive a specification including a description of a first directed
graph including a number of components interconnected by directed links, and form a
graph interface for the first directed graph, the graph interface being a placeholder in a
container graph to be replaced by an implementation that conforms to the graph interface
prior to execution of the container graph, where forming the graph interface includes:
analyzing the first directed graph to identify information for forming one or more

interface elements of the graph interface, and forming the one or more interface elements,
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each of at least some interface elements of the one or more interface elements being
agsociated with one or more properties including at least one of a metadata descriptor
property or a direction of metadata propagation property, and for each of at least some
interface elements of the one or more interface elements, analyzing the first directed
graph to determine whether a value of the metadata descriptor property associated with
the interface element is propagated to the interface element from the first directed graph
or is propagated to the interface element from a second directed graph that is a container
graph in which the graph interface is utilized, and configuring the direction of metadata
propagation property for the interface element based on a result of the analysis.

In another general aspect, a computing system for determining a graph interface
includes an input device configured to receive a specification including a description of a
first directed graph including a number of components interconnected by directed links,
and at least one processor configured to process the specification, the processing
including forming a graph interface for the first directed graph, the graph interface being
a placeholder in a container graph to be replaced by an implementation that conforms to
the graph interface prior to execution of the container graph, where forming the graph
interface includes: analyzing the first directed graph to identify information for forming
one or more interface elements of the graph interface, and forming the one or more
interface elements, each of at least some interface elements of the one or more interface
elements being associated with one or more properties including at least one of a
metadata descriptor property or a direction of metadata propagation property, and for
each of at least some interface elements of the one or more interface elements, analyzing
the first directed graph to determine whether a value of the metadata descriptor property
associated with the interface element is propagated to the interface element from the first
directed graph or is propagated to the interface element from a second directed graph that
is a container graph in which the graph interface is utilized, and configuring the direction
of metadata propagation property for the interface element based on a result of the
analysis.

In another general aspect, a computing system for determining a graph interface
includes means for receiving a specification including a description of a first directed

graph including a number of components interconnected by directed links, and means for
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processing the specification, the processing including forming a graph interface for the
first directed graph, the graph interface being a placeholder in a container graph to be
replaced by an implementation that conforms to the graph interface prior to execution of
the container graph, where forming the graph interface includes: analyzing the first
directed graph to identify information for forming one or more interface elements of the
graph interface, and forming the one or more interface elements, each of at least some
interface elements of the one or more interface elements being associated with one or
more properties including at least one of a metadata descriptor property or a direction of
metadata propagation property, and for each of at least some interface elements of the
one or more interface elements, analyzing the first directed graph to determine whether a
value of the metadata descriptor property associated with the interface element is
propagated to the interface element from the first directed graph or is propagated to the
interface element from a second directed graph that is a container graph in which the
graph interface is utilized, and configuring the direction of metadata propagation property
for the interface element based on a result of the analysis.

According to another aspect, there is provided a method for determining a graph
interface and an implementation of the graph interface, the method including: receiving a
specification including a description of a first directed graph including a first plurality of
components interconnected by a first set of one or more directed links; forming a graph
interface for the first plurality of components, the graph interface being a placeholder in a
container graph to be replaced by an implementation that conforms to the graph interface
prior to execution of the container graph, where forming the graph interface includes:
forming a first flow junction of the graph interface, the first flow junction representing a
connection between a flow of data outside the graph interface to or from a port of a
component not in the first plurality of components, and a flow of data inside the graph
interface to or from a first port of a first component of the first plurality of components,
and configuring one or more properties of the first flow junction such that the first port of
the first component is consistent with the one or more properties of the first flow
junction; forming a first implementation of the graph interface including the first plurality
of components, the forming including forming a first correspondence between the first

flow junction and the first port of the first component of the first plurality of components;
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and storing, separately from the specification, both the graph interface and the first
implementation of the graph interface in a data storage system.

According to another aspect, there is provided a non-transitory computer-readable
medium storing computer executable instructions thereon for determining a graph
interface and an implementation of the graph interface, the instructions causing a
computing system to: receive a specification including a description of a first directed
graph including a first plurality of components interconnected by a first set of one or
more directed links; form a graph interface for the first plurality of components, the graph
interface being a placeholder in a container graph to be replaced by an implementation
that conforms to the graph interface prior to execution of the container graph, where
forming the graph interface includes: forming a first flow junction of the graph interface,
the first flow junction representing a connection between a flow of data outside the graph
interface to or from a port of a component not in the first plurality of components, and a
flow of data inside the graph interface to or from a first port of a first component of the
first plurality of components, and configuring one or more properties of the first flow
junction such that the first port of the first component is consistent with the one or more
properties of the first flow junction; form a first implementation of the graph interface
including the first plurality of components, the forming including forming a first
correspondence between the first flow junction and the first port of the first component of
the first plurality of components; and store, separately from the specification, both the
graph interface and the first implementation of the graph interface in a data storage
system.

According to another aspect, there is provided a computing device for
determining a graph interface and an implementation of the graph interface, the
computing device including: an input device configured to receive a specification
including a description of a first directed graph including a first plurality of components
interconnected by a first set of one or more directed links; at least one processor
configured to process the specification, the processing including forming a graph
interface for the first plurality of components, the graph interface being a placeholder in a
container graph to be replaced by an implementation that conforms to the graph interface

prior to execution of the container graph, where forming the graph interface includes:
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forming a first flow junction of the graph interface, the first flow junction representing a
connection between a flow of data outside the graph interface to or from a port of a
component not in the first plurality of components, and a flow of data inside the graph
interface to or from a first port of a first component of the first plurality of components,
and configuring one or more properties of the first flow junction such that the first port of
the first component is consistent with the one or more properties of the first flow
junction; forming a first implementation of the graph interface including the first plurality
of components, the forming including forming a first correspondence between the first
flow junction and the first port of the first component of the first plurality of components;
and storing, separately from the specification, both the graph interface and the first
implementation of the graph interface in a data storage system.

According to another aspect, there is provided a computing system for
determining a graph interface and an implementation of the graph interface, the
computing system including: means for receiving a specification including a description
of a first directed graph including a first plurality of components interconnected by a first
set of one or more directed links; and means for processing the specification, the
processing including forming a graph interface for the first plurality of components, the
graph interface being a placeholder in a container graph to be replaced by an
implementation that conforms to the graph interface prior to execution of the container
graph, where forming the graph interface includes: forming a first flow junction of the
graph interface, the first flow junction representing a connection between a flow of data
outside the graph interface to or from a port of a component not in the first plurality of
components, and a flow of data inside the graph interface to or from a first port of a first
component of the first plurality of components, and configuring one or more properties of
the first flow junction such that the first port of the first component is consistent with the
one or more properties of the first flow junction; forming a first implementation of the
graph interface including the first plurality of components, the forming including forming
a first correspondence between the first flow junction and the first port of the first
component of the first plurality of components; and storing, separately from the
specification, both the graph interface and the first implementation of the graph interface

in the data storage system.
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Aspects can include one or more of the following advantages.

In the context of dataflow graph software development, there is a need for the
ability to convert statically linked sub-graphs to dynamically linked sub-graphs, including
a sub-graph interface and a corresponding implementation sub-graph. In some examples,
doing so is challenging because once a statically linked sub-graph has been excised from
its container graph, significant obstacles to metadata propagation may arise.

For example, when an implementation of a sub-graph interface is instantiated in a
container graph, the metadata propagation process treats the implementation sub-graph as
if all of its vertices are native graph vertices. When the metadata propagation process
propagates metadata into the implementation sub-graph, the metadata from the container
graph is mixed with the metadata from the implementation sub-graph, which may yield
unexpected results. This mixing is exacerbated in the case of layout metadata because
the layout algorithm depends in a complex way on a global consideration of weights to
assign layouts. Layout metadata specifies computational characteristics such as degree of
parallelism, for example, by specifying a number of instances of a component that may

be executed (e.g., a maximum number that may be executed, and/or a minimum number
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that need to be executed), and optionally other information such as specific hosts on
which one or more instances will be executed.

Furthermore, multiple different container graphs and implementation sub-graphs
can use any given sub-graph interface, each potentially propagating differently through
the sub-graph interface. Thus, it is useful to separate properties inherent in the
implementation sub-graph(s) from those that happen to be true in any one container or
implementation sub-graph.

To do so, aspects described herein automatically generate a sub-graph interface
from a specified sub-graph and, optionally, a user may then be allowed to tighten or
loosen metadata constraints associated with the automatically generated sub-graph
interface.

Among other advantages, aspects facilitate the creation of dynamically linked
sub-graph interfaces that conform to a number of container graphs and sub-graph
implementations, resulting in more versatile and reusable sub-graph interfaces.

Aspects are able to automatically progress through a number of steps, which may
optionally receive user input, and which result in creation of a dynamically linked sub-
graph including a reusable sub-graph interface.

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

following description, and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 11is a block diagram of a system for sub-graph interface generation.

FIG. 2A is a dataflow graph including a sub-graph interface.

FIG. 2B is an implementation of the sub-graph interface.

FIG. 2C is a combined dataflow graph.

FIG. 3 is a dataflow graph specified for dynamically linked sub-graph generation.

FIG. 4 is a block diagram of a development environment for dynamically linked
sub-graph generation.

FIG. 5 is a block diagram of an automatic dynamic sub-graph generator.

FIG. 6 shows a first edit-time metadata propagation process.

FIG. 7 is an initial sub-graph interface with a direction of metadata propagation

determined for its flow junctions.
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FIG. 8 is a second edit-time metadata propagation process.

FIG. 9 is the initial sub-graph interface including a metadata rule.

FIG. 10 shows the initial sub-graph interface including a sub-graph interface
parameter.

FIG. 11 is the completed initial sub-graph interface.

FIG. 12 is a flow junction configuration screen of a sub-graph interface
refinement wizard.

FIG. 13 is a propagation rule configuration screen of the sub-graph interface
refinement wizard.

FIG. 14 is a layout configuration screen of the sub-graph interface configuration
wizard.

FIG. 15 is a parameter configuration screen the sub-graph interface configuration
wizard.

FIG. 16 is the final sub-graph interface.

DESCRIPTION

FIG. 1 shows an example of a data processing system 100 in which the sub-graph
interface generation techniques can be used. The system 100 includes a data source 102
that may include one or more sources of data such as storage devices or connections to
online data streams, each of which may store or provide data in any of a variety of
formats (e.g., database tables, spreadsheet files, flat text files, or a native format used by a
mainframe). An execution environment 104 includes a pre-processing module 106 and
an execution module 112. The execution environment 104 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, the execution
environment 104 can include a multiple-node parallel computing environment including a
configuration of computer systems using multiple central processing units (CPUs) or
processor cores, either local (e.g., multiprocessor systems such as symmetric multi-
processing (SMP) computers), or locally distributed (e.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.
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The pre-processing module 106 reads one or more dataflow graphs 114 from a
data storage system 116 and prepares the dataflow graphs for execution by the execution
module 112. Part of this preparation process in some cases includes dynamically linking
any implementation sub-graphs that conform to any sub-graph interfaces within the
dataflow graphs 114. This dynamic linking typically includes metadata propagation.
Any sub-graph interfaces that have been automatically generated using the techniques
described herein will include elements (called ‘interface elements’) such as flow
junctions or parameters, whose properties have been configured to facilitate this metadata
propagation, as described in greater detail below. The pre-processing module 106 then
loads a particular dynamically-linked implementation sub-graph that “conforms to” (i.e.,
is consistent with) a sub-graph interface within a container dataflow graph into that
container dataflow graph just before its execution by the execution module 112. For
example, a conforming implementation sub-graph should have ports that are consistent
with flow junctions on the sub-graph interface, and should have parameter values that are
consistent with parameters associated with the sub-graph interface.

The execution environment 104 can receive data from a variety of types of
systems that may embody the data source 102, including different forms of database
systems. The data may be organized as records having values for respective fields (also
called “attributes” or “columns”), including possibly null values. When first reading data
from a data source, the execution module 112 typically starts with some initial format
information about records in that data source. In some circumstances, the record
structure of the data source may not be known initially and may instead be determined
after analysis of the data source or the data. The initial information about records can
include, for example, the number of bits that represent a distinct value, the order of fields
within a record, and the type of value (e.g., string, signed/unsigned integer) represented
by the bits.

Storage devices providing the data source 102 may be local to the execution
environment 104, for example, being stored on a storage medium connected to a
computer hosting the execution environment 104 (e.g., hard drive 108), or may be remote

to the execution environment 104, for example, being hosted on a remote system (e.g.,
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mainframe 110) in communication with a computer hosting the execution environment
104, over a remote connection (e.g., provided by a cloud computing infrastructure).

The execution module 112 processes the data prepared by the pre-processing
module 106 to generate output data. The output data may be stored back in the data
source 102 or in the data storage system 116 accessible to the execution environment 104,
or otherwise used.

The data storage system 116 is also accessible to a development environment 118.
A developer 120 can use the development environment 118 to develop applications as
dataflow graphs that include vertices (representing data processing components or
datasets) connected by directed links (representing flows of work elements, i.e., data)
between the vertices. For example, such an environment is described in more detail in
U.S. Publication No. 2007/0011668, titled “Managing Parameters for Graph-Based
Applications”. A system for executing such graph-based computations is described in
U.S. Patent 5,966,072, titled “EXECUTING COMPUTATIONS EXPRESSED AS
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 processes, 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).

In some examples, the development environment 118 includes a dynamic sub-
graph generator 121 for generating dynamic sub-graphs from conventional sub-graphs, as

is described in greater detail below.

1 Dynamically Linked Sub-Graphs

One specific type of dataflow graph that can be developed in the development
environment 118 is referred to as a “dynamically-linked sub-graph.” In general, a
dynamically-linked sub-graph includes two separate but related components: a sub-graph

interface and an implementation sub-graph that conforms to the sub-graph interface. The

- 14-

CA 3005263 2019-08-29



10

15

20

25

30

CA 03005263 2018-05-11

WO 2017/112654 PCT/US2016/067742

sub-graph interface includes one or more “flow junctions,” which define a point of
connection between a flow in the container graph and the sub-graph associated with the
sub-graph interface. Each flow junction represents a connection {(or “junction”) between
a flow of data to or from a port on a component of the first dataflow graph and a flow of
data to or from a port on a component of the second dataflow graph.

When developing a dataflow graph, the developer can use the sub-graph interface
as a placeholder for the implementation sub-graph in the datatlow graph. In some
examples, a dataflow graph that includes a sub-graph interface is referred to as a
“container datatlow graph,” or simply a “container graph.”

Referring to FIG. 2A, one example of a container dataflow graph 200 includes a
number of datasets 202A-202C providing data to or receiving data from a number of
components 208 A-208B and a sub-graph interface 210, all of which have ports 204A-
204] interconnected by flows 206A-206E. In the container dataflow graph 200, there are
no components statically linked into the dataflow graph in the place of the sub-graph
interface 210. Instead, the sub-graph interface 210 serves as a placeholder in the
dataflow graph 200 which will later be replaced by an implementation sub-graph that
conforms to the sub-graph interface 210.

Referring to FIG. 2B, one example of an implementation sub-graph 201
corresponding to the sub-graph interface 210 of FIG. 2A includes a number of
components 208C-208D and ports 204D, 204F, 204G, and 204K-2040 interconnected by
flows 206F-2061. Since the implementation sub-graph 201 is a implementation of the
sub-graph interface 210 of FIG. 2A, the implementation sub-graph has input flows 206G,
206F corresponding to input ports on the sub-graph interface 210 and output tlows
corresponding to output ports on the sub-graph interface 210.

At some time after development of the container dataflow graph 200 (e.g., just
prior to running the container dataflow graph 200), the dataflow graph is prepared for
execution. One step in preparing the dataflow graph for execution includes linking the
implementation sub-graph 201 into the container dataflow graph 200, thereby forming a
combined dataflow graph by replacing the sub-graph interface 210 in the container

dataflow graph 200 with the implementation sub-graph 201.
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For example, referring to FIG. 2C, a combined dataflow graph 300 includes the
container dataflow graph 200 of FIG. 2A with the implementation dataflow graph 201 of
FIG. 2B linked in place of the sub-graph interface 210. Since the implementation
dataflow graph 201 conforms to the sub-graph interface 210, all of the input and output
ports of the implementation dataflow graph 201 are connected to the components of the
container dataflow graph 200 via flows. After formation of the combined dataflow graph
300 by linking the implementation sub-graph 201 into the container dataflow graph 200,
the combined dataflow graph 300 can be compiled and executed.

The above description of dynamically linked sub-graphs is intended to serve as a
primer on the subject and not an exhaustive description of the subject. A more detailed
description of dynamically linked sub-graphs can be found in U.S. Patent Application
Number 14/561,494, titled “MANAGING INTERFACES FOR SUB-GRAPHS”.

2 Dynamically Linked Sub-Graph Generation

In some examples, such as those described in U.S. Patent Application Number
14/561,494, titled “MANAGING INTERFACES FOR SUB-GRAPHS,” sub-graph
interfaces are user-specified and users write implementation sub-graphs that conform to
the sub-graph interfaces. In other examples, there is a need to generate sub-graph
interfaces and implementation sub-graphs from existing, conventional (i.e., statically
linked) sub-graphs.

For example, referring to FIG. 3, to initiate generation of a dynamically linked
sub-graph from a conventional sub-graph, a conventional sub-graph 400 is first specified
using the development environment 118 (e.g., by a user selecting a file representing the

conventional sub-graph 400 from disk).

2.1 Specified Sub-Graph Overview
In this example, a block diagram of the specified sub-graph 400 is configured to

process data received from a first input port, 304A and a second input port, 304B using a
number of components 302A-302C and to write the processed data to a first output port,
304C, a second output port, 304D, and a third output port, 304E. The sub-graph 400

includes a first component 302A, a second component 302B, a third component 302C,
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and a fourth component 302D. Each of the components has one or both of input ports for
receiving input data and output ports for providing output data (e.g. ports 304F-304N).

In general, each component applies one or more computations to the input data flowing
into its input port(s) and provides the result of the computation(s) as output via its output
port(s). It is noted that certain types of components (e.g., the third component 302C) may
include only input ports or only output ports.

The input and output ports of the sub-graph 400 are interconnected by flows
306A-306G which define how data propagates between the ports and components of the
sub-graph 400. Specifically, the first input port 304A included on the boundary of the
sub-graph 400 is connected to a third input port 304F included on the first component
302A by a first flow 306A. The second input port 304B included on the boundary of the
sub-graph 400 is connected to a fourth input port 304G included on the second
component 302B by a second flow 306B. A fourth output port 304H included on the first
component 302A is connected to a fifth input port 304J included on the fourth component
302D by a third flow 306C. A fifth output port 3041 included on the second component
302B is connected to a sixth input port 304K included on the fourth component 302D by
a fourth flow 306D.

A sixth output port 304N included on the third component 302C is connected to
the third output port 304E on the boundary of the sub-graph 400 by a fifth flow 306E. A
seventh output port 304L included on the fourth component 302D is connected to the first
output port 304C on the boundary of the sub-graph 400 by a sixth flow 306F. An cighth
output port 304M included on the fourth component 302D is connected to the second
output port 304D on the boundary of the sub-graph 400 by a seventh flow 306G. The
third component 302C is configurable by a parameter, P;.

2.2 Dynamic Sub-Graph Generator
Referring to FIG. 4, to generate a dynamically linked sub-graph from the

specified sub-graph 400, the specified sub-graph 400 is first read into the dynamic sub-
graph generator 121 of the development environment 118. In some examples, the sub-
graph generator 121 includes an automatic dynamic sub-graph generator 122 and a sub-

graph interface refinement module 128. Very generally, the automatic dynamic sub-
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graph generator 122 automatically generates an initial sub-graph interface 126, and
optionally an implementation sub-graph 124 for the specified sub-graph 400, and the sub-
graph interface refinement module 128 performs an automated refinement process,
optionally configured to receive user input, to modify the initial sub-graph interface 126
to generate a final sub-graph interface 130. In some examples, the final sub-graph
interface 130 has properties that are more or less restrictive than those of the initial sub-
graph interface 126 in the sense that certain ports on the interface 130 may be designated
as optional or the metadata constraints associated with certain ports on the interface 130
may be eased such that the final sub-graph interface 130 can accommodate a greater
number of implementation sub-graphs. The final sub-graph interface 130 is, optionally,
stored in the data storage 116 for later use.

In some examples, for at least some of the modifications made to the sub-graph
interface 126, the sub-graph interface refinement module 128 also makes corresponding
modifications to the implementation sub-graph 124. In some examples, no
implementation sub-graph 124 is generated, and the sub-graph interface 130 is used on its

own for potential future development of one or more implementation sub-graphs.

2.2.1  Automatic Dynamic Sub-Graph Generator

Referring to FIG. 5, the automatic dynamic sub-graph generator 122 receives the
specified sub-graph 400 and provides the specified sub-graph 400 to an implementation
sub-graph formation module 132 and a metadata propagation direction identification
module 134.

2.2.1.1 Implementation Sub-Graph Formation
The implementation sub-graph formation module 132 processes the specified sub-

graph 400 to generate the implementation sub-graph 124, which is passed out of the
dynamic sub-graph generator 122 as output. In some examples, the implementation sub-
graph 124 is formed by first making a copy of the specified sub-graph 400. Then, as is
described above, for at least some modifications made to the sub-graph interface 126, the
sub-graph interface refinement module 128 also makes corresponding modifications to
the copy of the specified sub-graph 400 to form the implementation sub-graph 124. For

example, flow junctions marked as “inward” propagating on the sub-graph interface 126
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may also be marked as “inward” propagating on the implementation sub-graph 124,
Furthermore, certain edits to the internal structure of the implementation sub-graph 124

may need to be made to support the designated propagation direction.

2212 Metadata Propagation Direction Identification

The metadata propagation direction identification module 134 forms an initial
sub-graph interface by identifying flow junctions corresponding to ports on the boundary
of the specified sub-graph and determines a direction of metadata propagation for each of
the identified flow junctions.

Before describing the operation of the metadata propagation direction
identification module 134, a brief primer on metadata propagation is presented. In
dataflow graphs, it is important that metadata associated with the ports of components in
the datatflow graph and/or metadata associated with the components themselves is
managed. In some examples, metadata includes a descriptor of data (e.g., a record format
for a port including a sequence of fields and data types of records flowing into or out of a
port) or a computational characteristic (e.g., a partitioning or a layout for a component).
In other examples, metadata may include an amount of memory a component may use,
which computing resources a component may use, sortedness, compression method,
character set, binary representation (e.g., big-endian, little-endian), or data
transformations.

Metadata management can be accomplished manually, automatically, or by using
a combination of manual and automatic metadata management. For manual metadata
management, metadata is supplied, for example, by a graph developer or by a graph user.
For automatic metadata management, metadata is propagated from portions of the graph
with known (i.¢., explicitly defined) metadata to portions of the graph with unknown
metadata. Metadata propagation is necessary when metadata for a given port or
component is not directly supplied by a graph user or developer. In such a case, the
metadata for the given port or component must be derived from other ports or
components in the graph. The term metadata propagation as is used herein refers to this
derivation process.

In a conventional dataflow graph including conventional components and datasets

this propagation of explicitly defined metadata through the dataflow graph results in
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metadata being associated with all components in the dataflow graph. Any conflicts
arising in metadata propagation are generally flagged for developer intervention.
However, metadata propagation for dataflow graphs including a sub-graph interface is
generally handled differently than metadata propagation for dataflow graphs including
only conventional components. In particular, metadata may be propagated in two stages:
an edit-time metadata propagation stage and a link-time metadata resolution stage.

This two stage approach is used since, at edit-time, the container graph (i.e., the
graph including a sub-graph interface as a component) and the implementation sub-graph
(i.e., the sub-graph which conforms to the sub-graph interface) that will be linked in place
of the sub-graph interface are not aware of each other’s metadata information. Without
access to this information, conventional metadata propagation has no way of knowing
whether metadata should be propagated in a direction “inward” into the implementation
sub-graph (i.e., the container graph acts as a source of metadata for the implementation
sub-graph) or in a direction “outward” from the implementation sub-graph (i.e., the
container graph acts as a sink for metadata from the implementation sub-graph).

Thus, to make metadata propagation in a dataflow graph including a sub-graph
interface possible, each flow junction of the sub-graph interface specifies a direction of
metadata propagation. In some examples, the set of possible directions of metadata
propagation includes “inward” propagation and “outward” propagation.

When a flow junction on the sub-graph interface is declared as having a metadata
propagation direction of “inward,” metadata propagation in the container graph supplics a
metadata definition via the flow connected to the flow junction (and eventually to a port
connected to a flow in the implementation sub-graph). That is, in the container graph,
edit-time metadata propagation treats the flow junction as a metadata sink.

When a flow junction on the sub-graph interface is declared as having a metadata
propagation direction of “outward,” metadata propagation in the implementation sub-
graph supplies a metadata definition for the flow junction to the container graph. That is,
in the container graph, edit-time metadata propagation treats the flow junction as a
metadata source even though an edit-time definition for the metadata is not present (since

the definition is only available from the implementation sub-graph at link-time).
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The metadata propagation direction identification module 134 identifies known
sources (e.g., ports) of metadata in the specified sub-graph 400 and performs a metadata
propagation process originating from the identified sources to determine a direction of
metadata propagation for ports on the boundary of the specified sub-graph 400 and their
corresponding flow junctions on the initial sub-graph interface 126.

Referring to FIG. 6, in operation, the metadata propagation direction
identification module 134 gencrates the initial sub-graph interface 126 including a first
flow junction, 1y 644 corresponding to the first input port 304 A of the specified sub-graph
400, a second flow junction, 1; 646 corresponding to the second input port 304B of the
specified sub-graph 400, a third flow junction, oy 648 corresponding to the first output
port 304C of the specified sub-graph, a fourth flow junction, o; 650 corresponding to the
second output port 304D of the specified sub-graph 400, and a fifth flow junction o
corresponding to the third output port 304E of the specified sub-graph 400.

The metadata propagation direction identification module 134 then identifies the
fourth output port 304H included on the first component 302A of the specified sub-graph
400 and the sixth output port 304N included on the third component 302C of the
specified sub-graph 400 as known sources of metadata (e.g., by analyzing characteristics
of the ports). In FIG. 6, the metadata associated with the fourth output port 304H and the
sixth output port 304N are denoted M; and M5, respectively. It is noted however that the
notation M, and M, is not intended to imply that any specific metadata value is
associated with the known sources of metadata. Indeed, in some examples, the specific
metadata values associated with the known sources of metadata are unknown and M, and
M, are simply placeholder metadata values that can be used for propagation. Of course,
the placeholder metadata values are known at the time that the container graph executes.
In other examples, M; and M, may refer to specific metadata values associated with the
known sources of metadata.

With the known sources of metadata identified, the metadata propagation
direction identification module 134 performs an edit-time metadata propagation process
for both of the known sources of metadata.

In doing so, the metadata propagation direction identification module 134

propagates M, from the fourth output port 304H in an upstream direction (i.e., in a
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direction toward the first flow junction, iy 644) and in a downstream direction (i.e., in a
direction toward the third flow junction, oy 648 and the fourth flow junction, o; 650).

In the upstream direction, the edit-time metadata propagation process determines
that the first component 302A does not apply any transformation to the metadata and
therefore propagates the metadata, M, through the component 302A and associates it
with the third input port 304F on the first component 302A. In some examples, this
association is represented by an arrow (sometimes referred to as a “same as” arrow)
pointing from the port where the metadata was propagated to and ending at the port
where the metadata originated from (e.g., an arrow pointing from the third input port 304f
to the fourth output port 304H). M, is then propagated from the third input port 304F to
the first input port 304A on the boundary of the specified sub-graph 400 (resulting in a
“same as” arrow pointing from the first input port 304a to the fourth output port 304H)
and to the first flow junction, iy 644 associated with the first input port 304A. The first
flow junction, iy 644 is assigned a metadata propagation direction of “outward” since
metadata (i.e., M;) is propagated from a known source of metadata to the flow junction
644,

In the downstream direction, the edit-time metadata propagation process
propagates M from the fourth output port 304H on the first component 302A to the fifth
input port 304] on the fourth component 302D (resulting in a “same as” arrow pointing
from the fifth input port 304J to the fourth output port 304H). The edit-time metadata
propagation process determines that the fourth component 302D does apply a
transformation to the metadata and therefore does not propagate M, any further in the
downstream direction.

The edit-time metadata propagation process also propagates M from the sixth
output port 304N on the third component 302C to the third output port 304E on the
boundary of the specified sub-graph 400 and to the fifth flow junction, o, 652 associated
with the third output port 304E (resulting in a “same as” arrow pointing from the third
output port 304E to the sixth output port 304N). The fifth flow junction, 0, 652 is
assigned a metadata propagation direction of “outward” since metadata (i.e., My) is

propagated from a known source of metadata to the flow junction 652.
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At the conclusion of the edit-time metadata propagation process, any flow
junctions that are not marked as having a metadata propagation direction of “outward”
(i.e., have not received propagated metadata) are marked as having a metadata
propagation direction of “inward.” Referring to FIG. 7, in the present example, only the
first flow junction, ip 644 and the fifth flow junction, 0, 652 were marked by the metadata
propagation direction identification module 134 as having a metadata propagation
direction of “outward,” so the second flow junction, 1, 646, the third flow junction, op
648, and the fourth flow junction, o; 650 are marked by the metadata propagation
direction identification module 134 as having a metadata propagation direction of
“inward.” In some examples, a representation of the propagation that was performed by
the metadata propagation direction identification module 134 is stored with the

implementation sub-graph 124.

2.2.1.3 Metadata Rule Identification

With the direction of metadata propagation for all flow junctions on the initial
sub-graph interface 126 determined, the initial sub-graph interface 126 and the specified
sub-graph 400 are provided to the metadata rule identification module 136 which
analyzes the specified sub-graph 400 to determine metadata rules for inclusion in the
initial sub-graph interface 126.

To do so, the metadata rule identification module 136 assigns placeholder values
to each of the flow junctions with an “inward” direction of metadata propagation and
performs another edit-time metadata propagation process to discover relationships that
exist between the ports on the boundary of the specified sub-graph 400. The metadata
rule identification module 136 uses any relationships that are discovered to assign
metadata rules to the flow junctions of the initial sub-graph interface 126. For example,
referring to FIG. 8, placcholder metadata D, is assigned to the second flow junction, 1;
646, placeholder metadata D- is assigned to the third flow junction, oy 648, and
placeholder metadata Dj; is assigned to the fourth flow junction, 0, 650.

The metadata rule identification module 136 propagates D, from the second input
port 304B on the boundary of the specified sub-graph 400 to the fourth input port 304G
on the second component 302B (resulting in a “same as” arrow pointing from the fourth

input port 304G to the second input port 304B). The edit-time metadata propagation
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process determines that the second component 302B doesn’t apply any transformation to
the metadata and therefore propagates D, through the second component 302B to the fifth
output port 3041 (resulting in a “same as” arrow pointing from the fifth output port 3041
to the second input port 304B).

The metadata rule identification module 136 also propagates D, from the first
output port 304C to the seventh output port 304L (resulting in a “same as” arrow pointing
from the first output port 304C to the seventh output port 304L). The edit-time metadata
propagation process determines that the fourth component 302D applies a transformation
to the metadata, D, and therefore doesn’t propagate D, any further.

The metadata rule identification module 136 propagates D3 from the second
output port 304D to the eighth output port 304M (resulting in a “same as” arrow pointing
from the eighth output port 304M to the second output port 304D). The edit-time
metadata propagation process determines that the fourth component 302D doesn’t apply
any transformation to the metadata, D; and therefore propagates D; to through the fourth
component 302D and to the sixth input port 304K (resulting in a “same as” arrow
pointing from the sixth input port 304k to the second output port 304D).

With metadata propagated from all of the ports marked as having an “inward”
propagation direction, the metadata rule identification module 136 determines, based on
the propagation of Dy and Ds, that any metadata associated with the second input port
304B must be equal to the metadata associated with the second output port 304D.
Referring to FIG. 9, the metadata rule identification module 136 includes a “copy”
metadata rule 754 on the initial sub-graph interface 126 to represent an equality metadata
relationship between the second flow junction, 1; 646 and the fourth flow junction, o,

650.

2.2.1.4  Parameter Identification
Referring again to FIG. 5, with the metadata rules identified, the initial sub-graph

interface 126 and the specified sub-graph 400 are provided to the parameter identification
module 138 which identifies any ports or components of the specified sub-graph 400 that
are not reachable by the edit-time metadata propagation process but are configurable
using a parameter associated with the specified sub-graph that does not have a default

value in the specified sub-graph 400. The parameter identification module 138 adds a
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sub-graph interface parameter to the initial sub-graph interface 126 for any parameters
that it identifies.

Referring to FIG. 10, the parameter identification module 138 determines that the
third component 302C is configurable using a parameter, P; which does not have a
default value in the specified sub-graph 400. The parameter identification module 138
therefore adds a sub-graph interface parameter, P, 1058 to the initial sub-graph interface
126.

Referring to FIG. 11, the result of the parameter identification module 138 is the
complete initial sub-graph interface 126. The complete initial sub-graph interface 126 is
passed out of the automatic dynamic sub-graph generator 122.

It is noted that, in some examples, the various steps of the automatic dynamic sub-
graph generator 122 are performed in an order other than the exemplary order described

above.

222  Sub-Graph Interface Refinement
Referring again to FIG. 4, the initial sub-graph interface 126 output by the

automatic sub-graph generator 122 is provided to the sub-graph interface refinement
module 128 which allows for a user (or an automated refinement process) to modify the
initial sub-graph interface 128 to generate a final sub-graph interface 130.

In some examples, the sub-graph interface refinement module 128 is implemented
as a “wizard” that includes a number of screens that facilitate user refinement of the
initial sub-graph interface 126.

Referring to FIG. 12, a first screen 1262 of the wizard 1260 includes a table 1264
for configuring the flow junctions of the initial sub-graph interface 126 that were
automatically discovered by the automatic sub-graph generator 122. The table includes a
first column 1265 including a list of names of the discovered flow junctions, a second
column 1266 including check boxes 1268 for indicating whether each of the flow
junctions is “required” on the final sub-graph interface 103, and a third column 1270
including check boxes 1272 for indicating whether each of the flow junctions “can fan.”

Checking a check box corresponding to a given flow junction in the second

column 1266 indicates that that the given flow junction is a “required” flow junction on
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the final graph interface 130. Unchecking a check box corresponding to a given flow
junction indicates that the given flow junction is not required, or “optional,” on the final
graph interface 130. Very generally, a flow junction on a sub-graph interface that is
“required” must be connected to a flow in a container graph before the container graph
can be compiled and executed. A flow junction on a sub-graph interface that is
“optional” may or may not be connected to a flow in a container graph and the container
graph will compile and execute regardless of whether the optional flow junction is
connected to a flow in the container graph.

Checking a check box corresponding to a given flow junction in the third column
1270 indicates that the given flow junction is allowed to “fan-in” if the flow junction is
associated with an input port in the implementation sub-graph or “fan-out” if the flow
junction is associated with an output port in the implementation sub-graph. Unchecking
the checkbox corresponding to a given flow junction in the third column 1270 indicates
that the given flow junction is not allowed to “fan-in” or “fan-out.”

In the example of FIG. 12, the user has configured the flow junctions by
indicating that the first flow junction, ip 644 is required and can fan-in, indicating that the
second flow junction, i; 646 is required and can fan-in, indicating that the third flow
junction, oq 648 is required and can not fan-out, indicating that the fourth flow junction,
07 650 is required can not fan-out, and indicating that the fifth flow junction, o, 652 is
optional and can not fan-out.

When the user is satisfied with their configuration of the flow junctions, they click
the “OK” button 1274 in the wizard 1260, causing the wizard 1260 to advance to a
propagation rule configuration screen of the wizard 1260.

Referring to FIG. 13, the propagation rule configuration screen 1375 includes two
tables, a first table 1376 including all of the flow junctions on the initial sub-graph
interface 126 that have an inward metadata propagation direction and a second table 1378
including all of the flow junctions on the initial sub-graph interface 126 that have an
outward metadata propagation direction. In the first table 1376, flow junctions that are
required to have the same metadata (i.e., flow junctions that are part of a “copy” metadata

propagation rule) are grouped together.
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For example, in FIG. 13, the first table 1376 includes two groups, a first group
1380 including the third flow junction, o, 648 and a second group 1382 including the
second flow junction, i; 646 and the fourth flow junction, o; 650. Since the third flow
junction, oq 648 is not part of a “copy” metadata propagation rule, it is the only flow
junction in the first group 1380. Since the second flow junction, i; 646 and the fourth
flow junction, o; 650 are part of a “copy” metadata propagation rule (as is described in
the above example), they are both in the same group (i.¢., the second group 1382).

The second table 1378 includes two groups, a third group 1384 including the first
flow junction, ip 644 and a fourth group 1386 including the tifth flow junction, 0, 652.

A user of the wizard can use the propagation rule configuration screen 1375 to
configure the metadata propagation rules by, for example, merging groups to form
“copy” metadata propagation rules or by splitting groups to remove “copy” metadata
propagation rules. For example, if a user did not want the “copy” metadata propagation
rule specified by the second group 1382 to be included on the final sub-graph interface
130, they would split the second group 1382 into two different groups, one including the
second flow junction, i; 646 and another including the fourth flow junction, o; 650.

When the user is satisfied with the configuration of the propagation rules for the
sub-graph interface, they click the “OK” button 1374 in the wizard 1260, causing the
wizard 1260 to advance to a layout configuration screen of the wizard 1260.

Referring to FIG. 14, the layout configuration screen 1488 includes a radio button
with two options. A first option 1490 indicates that all of the flow junctions of the final
graph interface 130 should use the same layout metadata, as specified by a layout
parameter 1492. A second option 1494 allows a user to specify custom layout properties
for the flow junctions of the final graph interface using a table 1496. The table 1496
allows the user to specify a direction of propagation of layout metadata associated with
each of the flow junctions and to group flow junctions that have equal layout metadata.

In FIG. 14, the user has selected the first option 1490 indicating that all of the
flow junctions have the same layout metadata, as specified by a layout parameter named

“Layout.”
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When the user is satisfied with the configuration of the layout for the sub-graph
interface 130, they click the “OK” button 1474 in the wizard 1260, causing the wizard
1260 to advance to a parameter configuration screen of the wizard 1260.

Referring to FIG. 15, the parameter configuration screen 1549 of the wizard 1260
includes a table 1597 for selecting which sub-graph interface parameters associated with
the initial sub-graph interface 126 to include on the final sub-graph interface 130. The
table 1597 includes a first column 1598 including a list of names of the parameters
associated with sub-graph interface parameters on the initial sub-graph interface 126 and
a second column 1599 including check boxes 1568 for indicating whether a sub-graph
interface parameter for each of the parameters listed in the first column 1598 is included
on the final sub-graph interface.

In the example of FIG. 15, only one parameter, P; is included in the first column
1598 and the check box 1568 associated with P is checked, indicating that a sub-graph
interface parameter for P, is included on the final sub-graph interface 130.

When the user is satisfied with the configuration of the sub-graph interface
parameters for the sub-graph interface 130, they click the “OK” button 1574 in the
wizard 1260, causing the wizard 1260 to complete and output the final sub-graph
interface 130.

Referring to FIG. 16, the final sub-graph interface 130 includes the first flow
junction, ip 644 which is required and has an outward direction of metadata propagation,
the second flow junction, i1 646 which is required and has an inward direction of
metadata propagation, the third flow junction, op 648 which is required and has an inward
direction of metadata propagation, the fourth flow junction, 0, 650 which is required and
has an inward direction of metadata propagation, and the fifth flow junction, 0, 652
which is optional and has an outward direction of metadata propagation. The final sub-
graph interface 130 also includes the sub-graph interface parameter 1058, P and a
“copy” metadata rule 754 between the second flow junction, i; 646 and the fourth flow
junction, 01 650.

The final sub-graph interface 130 can be used in container graphs in the same
manner that the sub-graph interface 210 of FIG. 2A — FIG. 2C is used. Furthermore,
depending on the refinements made to the sub-graph interface 130 by the user, the pre-
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processing module 106 may be capable of dynamically linking and loading a number of
different implementation sub-graphs including the automatically generated

implementation sub-graph 124, given that they conform to the sub-graph interface 130.

3  Alternatives

In some examples, rather than specifying a sub-graph on disk, a user can select a
set of components in a pre-existing dataflow graph for generation of a dynamically linked
sub-graph. Upon completion of dynamically linked sub-graph generation, the selected
set of components are replaced by the sub-graph interface of the generated dynamically

linked sub-graph in the dataflow graph.

4 Implementations

The sub-graph interface generation approach described above can be
implemented, for example, using a programmable computing system executing suitable
software instructions or it can be implemented in suitable hardware such as a field-
programmable gate array (FPGA) or in some hybrid form. For example, in a
programmed approach 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 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
least one 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 stored in non-transitory form, such as being embodied in a
volatile or non-volatile storage medium, or any other non-transitory medium, using a
physical property of the medium (e.g., surface pits and lands, magnetic domains, or
electrical charge) for a period of time (e.g., the time between refresh periods of a dynamic

memory device such as a dynamic RAM). In preparation for loading the instructions, the
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software may be provided on a tangible, non-transitory medium, such as a CD-ROM or
other computer-readable medium (e.g., readable by a general or special purpose
computing system or device), or may be 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, it
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
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 method for determining a graph interface and an implementation of the

graph interface, the method including:

receiving a specification including a description of a first directed graph including

a first plurality of components interconnected by a first set of one or more

directed links;

forming a graph interface for the first plurality of components, the graph interface
being a placeholder in a container graph to be replaced by an
implementation that conforms to the graph interface prior to execution of

the container graph, where forming the graph interface includes:

forming a first flow junction of the graph interface, the first flow junction
representing a connection between a flow of data outside the graph
interface to or from a port of a component not in the first plurality
of components, and a flow of data inside the graph interface to or
from a first port of a first component of the first plurality of

components, and

configuring one or more properties of the first flow junction such that the
first port of the first component is consistent with the one or more

properties of the first flow junction;

forming a first implementation of the graph interface including the first plurality
of components, the forming including forming a first correspondence
between the first flow junction and the first port of the first component of

the first plurality of components; and

storing, separately from the specification, both the graph interface and the first

implementation of the graph interface in a data storage system.
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2. The method of claim 1 further including storing, in the data storage system, a
specification including a description of a second directed graph including a second
plurality of components interconnected by a second set of one or more directed links,
identifying an instance of the first plurality of components interconnected by the first set
of one or more directed links of the first directed graph in the second directed graph, and
replacing the identified instance of the first plurality of components interconnected by the
first set of one or more directed links in the second directed graph with the graph

interface.

3. The method of claim 1, wherein configuring the one or more properties of the
first flow junction includes determining one or more descriptors of data or computational
characteristics associated with the first port of the first component and configuring the
one or more properties of the first flow junction based on the determined one or more

descriptors.

4. The method of claim 1, wherein configuring the one or more properties of the
first flow junction based on the determined one or more descriptors includes determining
a direction of propagation of one or more descriptors of data or computational
characteristics associated with the first port of the first component and configuring the
one or more properties of the first flow junction based on the determined direction of

propagation.

5. The method of claim 4 wherein determining a direction of propagation of one
or more descriptors of data or computational characteristics associated with the first port
of the first component includes identifying the first port as a port that propagates
descriptors of data or computational characteristics to the first flow junction and
assigning an outward direction of propagation to the first flow junction based on the
identification, where the assigned direction of propagation is used during propagation of
descriptors of data or computational characteristics prior to execution of the container

graph.
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6. The method of claim 4 wherein determining a direction of propagation of one
or more descriptors of data or computational characteristics associated with the first port
of the first component includes identifying the first port as a port that does not propagate
descriptors of data or computational characteristics to the first flow junction and
assigning an inward direction of propagation to the first flow junction based on the
identification, where the assigned direction of propagation is used during propagation of
descriptors of data or computational characteristics prior to execution of the container

graph.

7. The method of claim 6 wherein forming the graph interface includes:

forming a second interface element of the graph interface, the second interface
element being associated with a second port of a second component of the

first plurality of components;

determining a direction of propagation of one or more descriptors of data or
computational characteristics associated with the second port of the
second component including identifying the second port as a port that does
not propagate descriptors of data or computational characteristics to the
second interface element and assigning an inward direction of propagation

to the second interface element based on the identification; and

identifying a relationship between the one or more descriptors of data or
computational characteristics associated with the first port of the first
component and the one or more descriptors of data or computational
characteristics associated with the second port of the second component
and forming a representation of the identified relationship between the

first flow junction and the second interface element.
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8. The method of claim 7 wherein the representation of the relationship includes
a constraint indicating that one or more descriptors of data or computational
characteristics associated with the first flow junction are the same as one or more
descriptors of data or computational characteristics associated with the second interface

element.

9. The method of claim 1, further including modifying the one or more
properties of the first flow junction such that ports of one or more other components

conform to the one or more properties of the first flow junction.

10. The method of claim 9 wherein modifying the one or more properties of the
first flow junction includes receiving user input and modifying the one or more properties

of the first flow junction based on the user input.

11. The method of claim 9, wherein modifying the one or more properties of the
first flow junction includes analyzing the one or more other components to determine one
or more descriptors of data or computational characteristics associated with the ports of
the one or more other components and modifying the one or more properties of the first
flow junction based on the determined one or more descriptors of data or computational

characteristics associated with the ports of the one or more other components.

12. The method of claim 9, wherein modifying the one or more properties of the
first flow junction includes analyzing the one or more other components to determine a
direction of propagation of one or more descriptors of data or computational
characteristics associated with the ports of the one or more other components and
modifying the one or more properties of the first flow junction based on the determined

direction of propagation.
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13. The method of claim 1, wherein forming the graph interface further includes
identifying a parameter associated with the first plurality of components and adding an

interface element associated with the parameter to the graph interface.

14. The method of claim 13 further including identifying a parameter value
corresponding to the parameter and configuring the graph interface to use the identified

parameter value as a default value.

15. The method of claim 2, further including preparing the second directed graph

for execution including:

reading the first implementation of the graph interface from the data storage

system, and

inserting the first implementation into the second directed graph including
establishing a directed link between the first port of the first component of
the first plurality of components in the first implementation of the graph
interface and the first flow junction of the graph interface based on the
first correspondence between the first flow junction and the first port of
the first component of the first plurality of components in the first

implementation of the graph interface.

16. The method of claim 2, further including preparing the second directed graph

for execution including:

reading a second implementation of the graph interface, different from the first

implementation of the graph interface, from the data storage system, and

inserting the second implementation into the second directed graph including
establishing a directed link between a port of a component in the second
implementation of the graph interface and the first flow junction of the
graph interface based on a second correspondence between the first flow
junction and the port of the component in the second implementation of

the graph interface.
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17. The method of claim 1, wherein the first flow junction includes a flow
junction for joining a directed link connected to the first port of the first component of the
first plurality of components to a port of another component not included in the first

plurality of components.

18. A non-transitory computer-readable medium storing computer executable
instructions thereon for determining a graph interface and an implementation of the graph

interface, the instructions causing a computing system to:

receive a specification including a description of a first directed graph including a

first plurality of components interconnected by a first set of one or more

directed links;

form a graph interface for the first plurality of components, the graph interface
being a placeholder in a container graph to be replaced by an
implementation that conforms to the graph interface prior to execution of

the container graph, where forming the graph interface includes:

forming a first flow junction of the graph interface, the first flow junction
representing a connection between a flow of data outside the graph
interface to or from a port of a component not in the first plurality
of components, and a flow of data inside the graph interface to or
from a first port of a first component of the first plurality of

components, and

configuring one or more properties of the first flow junction such that the
first port of the first component is consistent with the one or more

properties of the first flow junction;

form a first implementation of the graph interface including the first plurality of
components, the forming including forming a first correspondence
between the first flow junction and the first port of the first component of

the first plurality of components; and
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store, separately from the specification, both the graph interface and the first

implementation of the graph interface in a data storage system.

19. The computer-readable medium of claim 18, further including instructions for
causing the computing system to store, in the data storage system, a specification
including a description of a second directed graph including a second plurality of
components interconnected by a second set of one or more directed links, identify an
instance of the first plurality of components interconnected by the first set of one or more
directed links of the first directed graph in the second directed graph, and replace the
identified instance of the first plurality of components interconnected by the first set of

one or more directed links in the second directed graph with the graph interface.

20. The computer-readable medium of claim 18, wherein configuring the one or
more properties of the first flow junction includes determining one or more descriptors of
data or computational characteristics associated with the first port of the first component
and configuring the one or more properties of the first flow junction based on the

determined one or more descriptors.

21. The computer-readable medium of claim 18, wherein configuring the one or
more properties of the first flow junction based on the determined one or more
descriptors includes determining a direction of propagation of one or more descriptors of
data or computational characteristics associated with the first port of the first component
and configuring the one or more properties of the first flow junction based on the

determined direction of propagation.
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22. The computer-readable medium of claim 21, wherein determining a direction
of propagation of one or more descriptors of data or computational characteristics
associated with the first port of the first component includes identifying the first port as a
port that propagates descriptors of data or computational characteristics to the first flow
junction and assigning an outward direction of propagation to the first flow junction
based on the identification, where the assigned direction of propagation is used during
propagation of descriptors of data or computational characteristics prior to execution of

the container graph.

23. The computer-readable medium of claim 21, wherein determining a direction
of propagation of one or more descriptors of data or computational characteristics
associated with the first port of the first component includes identifying the first port as a
port that does not propagate descriptors of data or computational characteristics to the
first flow junction and assigning an inward direction of propagation to the first flow
junction based on the identification, where the assigned direction of propagation is used
during propagation of descriptors of data or computational characteristics prior to

execution of the container graph.

24. The computer-readable medium of claim 23, wherein forming the graph

interface includes:

forming a second interface element of the graph interface, the second interface
element being associated with a second port of a second component of the

first plurality of components;

determining a direction of propagation of one or more descriptors of data or
computational characteristics associated with the second port of the
second component including identifying the second port as a port that does
not propagate descriptors of data or computational characteristics to the
second interface element and assigning an inward direction of propagation

to the second interface element based on the identification; and
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identifying a relationship between the one or more descriptors of data or
computational characteristics associated with the first port of the first
component and the one or more descriptors of data or computational
characteristics associated with the second port of the second component
and forming a representation of the identified relationship between the

first flow junction and the second interface element.

25. The computer-readable medium of claim 24, wherein the representation of the
relationship includes a constraint indicating that one or more descriptors of data or
computational characteristics associated with the first flow junction are the same as one
or more descriptors of data or computational characteristics associated with the second

interface element.

26. The computer-readable medium of claim 18, further including instructions for
causing the computing system to modify the one or more properties of the first flow
junction such that ports of one or more other components conform to the one or more

properties of the first flow junction.

27. The computer-readable medium of claim 26, the instructions for causing the
computing system to modify the one or more properties of the first flow junction includes
one or more instructions for causing the computing system to receive user input and

modifying the one or more properties of the first flow junction based on the user input.

28. The computer-readable medium of claim 26, wherein the instructions for
causing the computing system to modify the one or more properties of the first flow
junction include one or more instructions for causing the computing system to analyze
the one or more other components to determine one or more descriptors of data or
computational characteristics associated with the ports of the one or more other
components and modify the one or more properties of the first flow junction based on the
determined one or more descriptors of data or computational characteristics associated

with the ports of the one or more other components.
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29. The computer-readable medium of claim 26, wherein the instructions for
causing the computing system to modify the one or more properties of the first flow
junction include one or more instructions for causing the computing system to analyze
the one or more other components to determine a direction of propagation of one or more
descriptors of data or computational characteristics associated with the ports of the one or
more other components and modifying the one or more properties of the first flow

junction based on the determined direction of propagation.

30. The computer-readable medium of claim 26, wherein forming the graph
interface further includes identifying a parameter associated with the first plurality of
components and adding an interface element associated with the parameter to the graph

interface.

31. The computer-readable medium of claim 30, further including identifying a
parameter value corresponding to the parameter and configuring the graph interface to

use the identified parameter value as a default value.

32. The computer-readable medium of claim 19, further including instructions for
causing the computing system to prepare the second directed graph for execution,

including to:

read the first implementation of the graph interface from the data storage system,

and

insert the first implementation into the second directed graph including
establishing a directed link between the first port of the first component of
the first plurality of components in the first implementation of the graph
interface and the first flow junction of the graph interface based on the
first correspondence between the first flow junction and the first port of
the first component of the first plurality of components in the first

implementation of the graph interface.
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33. The computer-readable medium of claim 19, further including instructions for
causing the computing system to prepare the second directed graph for execution,

including to:

read a second implementation of the graph interface, different from the first

implementation of the graph interface, from the data storage system, and

insert the second implementation into the second directed graph including
establishing a directed link between a port of a component in the second
implementation of the graph interface and the first flow junction of the
graph interface based on a second correspondence between the first flow
junction and the port of the component in the second implementation of

the graph interface.

34. The computer-readable medium of claim 18, wherein the first flow junction
includes a flow junction for joining a directed link connected to the first port of the first
component of the first plurality of components to a port of another component not

included in the first plurality of components.

35. A computing device for determining a graph interface and an implementation

of the graph interface, the computing device including:

an input device configured to receive a specification including a description of a
first directed graph including a first plurality of components

interconnected by a first set of one or more directed links;

at least one processor configured to process the specification, the processing

including

forming a graph interface for the first plurality of components, the graph
interface being a placeholder in a container graph to be replaced by an
implementation that conforms to the graph interface prior to execution of

the container graph, where forming the graph interface includes:
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forming a first flow junction of the graph interface, the first flow
junction representing a connection between a flow of data
outside the graph interface to or from a port of a component
not in the first plurality of components, and a flow of data
inside the graph interface to or from a first port of a first

component of the first plurality of components, and

configuring one or more properties of the first flow junction such
that the first port of the first component is consistent with

the one or more properties of the first flow junction;

forming a first implementation of the graph interface including the first
plurality of components, the forming including forming a first
correspondence between the first flow junction and the first port of

the first component of the first plurality of components; and

storing, separately from the specification, both the graph interface and the
first implementation of the graph interface in a data storage

system.

36. The computing device of claim 35, wherein the processing further includes
storing, in the data storage system, a specification including a description of a second
directed graph including a second plurality of components interconnected by a second set
of one or more directed links, identifying an instance of the first plurality of components
interconnected by the first set of one or more directed links of the first directed graph in
the second directed graph, and replacing the identified instance of the first plurality of
components interconnected by the first set of one or more directed links in the second

directed graph with the graph interface.
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37. The computing device of claim 35, wherein configuring the one or more
properties of the first flow junction includes determining one or more descriptors of data
or computational characteristics associated with the first port of the first component and
configuring the one or more properties of the first flow junction based on the determined

one or more descriptors.

38. The computing device of claim 35, wherein configuring the one or more
properties of the first flow junction based on the determined one or more descriptors
includes determining a direction of propagation of one or more descriptors of data or
computational characteristics associated with the first port of the first component and
configuring the one or more properties of the first flow junction based on the determined

direction of propagation.

39. The computing device of claim 38, wherein determining a direction of
propagation of one or more descriptors of data or computational characteristics associated
with the first port of the first component includes identifying the first port as a port that
propagates descriptors of data or computational characteristics to the first flow junction
and assigning an outward direction of propagation to the first flow junction based on the
identification, where the assigned direction of propagation is used during propagation of
descriptors of data or computational characteristics prior to execution of the container

graph.

40. The computing device of claim 38, wherein determining a direction of
propagation of one or more descriptors of data or computational characteristics associated
with the first port of the first component includes identifying the first port as a port that
does not propagate descriptors of data or computational characteristics to the first flow
junction and assigning an inward direction of propagation to the first flow junction based
on the identification, where the assigned direction of propagation is used during
propagation of descriptors of data or computational characteristics prior to execution of

the container graph.
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41. The computing device of claim 40, wherein forming the graph interface

includes:

forming a second interface element of the graph interface, the second interface
element being associated with a second port of a second component of the

first plurality of components;

determining a direction of propagation of one or more descriptors of data or
computational characteristics associated with the second port of the
second component including identifying the second port as a port that does
not propagate descriptors of data or computational characteristics to the
second interface element and assigning an inward direction of propagation

to the second interface element based on the identification; and

identifying a relationship between the one or more descriptors of data or
computational characteristics associated with the first port of the first
component and the one or more descriptors of data or computational
characteristics associated with the second port of the second component
and forming a representation of the identified relationship between the

first flow junction and the second interface element.

42. The computing device of claim 41, wherein the representation of the
relationship includes a constraint indicating that one or more descriptors of data or
computational characteristics associated with the first flow junction are the same as one
or more descriptors of data or computational characteristics associated with the second

interface element.

43. The computing device of claim 35, wherein the processing further includes
modifying the one or more properties of the first flow junction such that ports of one or

more other components conform to the one or more properties of the first flow junction.
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44. The computing device of claim 43, wherein modifying the one or more
properties of the first flow junction includes receiving user input and modifying the one

or more properties of the first flow junction based on the user input.

45. The computing device of claim 43, wherein modifying the one or more
properties of the first flow junction includes analyzing the one or more other components
to determine one or more descriptors of data or computational characteristics associated
with the ports of the one or more other components and modifying the one or more
properties of the first flow junction based on the determined one or more descriptors of
data or computational characteristics associated with the ports of the one or more other

components.

46. The computing device of claim 43, wherein modifying the one or more
properties of the first flow junction includes analyzing the one or more other components
to determine a direction of propagation of one or more descriptors of data or
computational characteristics associated with the ports of the one or more other
components and modifying the one or more properties of the first flow junction based on

the determined direction of propagation.

47. The computing device of claim 35, wherein forming the graph interface
further includes identifying a parameter associated with the first plurality of components

and adding an interface element associated with the parameter to the graph interface.

48. The computing device of claim 47, wherein the processing further includes
identifying a parameter value corresponding to the parameter and configuring the graph

interface to use the identified parameter value as a default value.

49. The computing device of claim 36, wherein the processing further includes

preparing the second directed graph for execution including:
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reading the first implementation of the graph interface from the data storage

system, and

inserting the first implementation into the second directed graph including
establishing a directed link between the first port of the first component of
the first plurality of components in the first implementation of the graph
interface and the first flow junction of the graph interface based on the
first correspondence between the first flow junction and the first port of
the first component of the first plurality of components in the first

implementation of the graph interface.

50. The computing device of claim 36, wherein the processing further includes

preparing the second directed graph for execution including:

reading a second implementation of the graph interface, different from the first

implementation of the graph interface, from the data storage system, and

inserting the second implementation into the second directed graph including
establishing a directed link between a port of a component in the second
implementation of the graph interface and the first flow junction of the
graph interface based on a second correspondence between the first flow
junction and the port of the component in the second implementation of

the graph interface.

51. The computing device of claim 35, wherein the first flow junction includes a
flow junction for joining a directed link connected to the first port of the first component
of the first plurality of components to a port of another component not included in the

first plurality of components.

52. A computing system for determining a graph interface and an implementation

of the graph interface, the computing system including:
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means for receiving a specification including a description of a first directed

graph including a first plurality of components interconnected by a first set

of one or more directed links; and
means for processing the specification, the processing including

forming a graph interface for the first plurality of components, the graph
interface being a placeholder in a container graph to be replaced by
an implementation that conforms to the graph interface prior to
execution of the container graph, where forming the graph

interface includes:

forming a first flow junction of the graph interface, the first flow
junction representing a connection between a flow of data
outside the graph interface to or from a port of a component
not in the first plurality of components, and a flow of data
inside the graph interface to or from a first port of a first

component of the first plurality of components, and

configuring one or more properties of the first flow junction such
that the first port of the first component is consistent with

the one or more properties of the first flow junction;

forming a first implementation of the graph interface including the first
plurality of components, the forming including forming a first
correspondence between the first flow junction and the first port of

the first component of the first plurality of components; and

storing, separately from the specification, both the graph interface and the
first implementation of the graph interface in the data storage

system.
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53. The computing system of claim 52, wherein the processing further includes
storing, in the data storage system, a specification including a description of a second
directed graph including a second plurality of components interconnected by a second set
of one or more directed links, identifying an instance of the first plurality of components
interconnected by the first set of one or more directed links of the first directed graph in
the second directed graph, and replacing the identified instance of the first plurality of
components interconnected by the first set of one or more directed links in the second

directed graph with the graph interface.

54. The computing system of claim 52, wherein configuring the one or more
properties of the first flow junction includes determining one or more descriptors of data
or computational characteristics associated with the first port of the first component and
configuring the one or more properties of the first flow junction based on the determined

one or more descriptors.

55. The computing system of claim 52, wherein configuring the one or more
properties of the first flow junction based on the determined one or more descriptors
includes determining a direction of propagation of one or more descriptors of data or
computational characteristics associated with the first port of the first component and
configuring the one or more properties of the first flow junction based on the determined

direction of propagation.

56. The computing system of claim 55, wherein determining a direction of
propagation of one or more descriptors of data or computational characteristics associated
with the first port of the first component includes identifying the first port as a port that
propagates descriptors of data or computational characteristics to the first flow junction
and assigning an outward direction of propagation to the first flow junction based on the
identification, where the assigned direction of propagation is used during propagation of
descriptors of data or computational characteristics prior to execution of the container

graph.
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57. The computing system of claim 55, wherein determining a direction of
propagation of one or more descriptors of data or computational characteristics associated
with the first port of the first component includes identifying the first port as a port that
does not propagate descriptors of data or computational characteristics to the first flow
junction and assigning an inward direction of propagation to the first flow junction based
on the identification, where the assigned direction of propagation is used during
propagation of descriptors of data or computational characteristics prior to execution of

the container graph.

58. The computing system of claim 57, wherein forming the graph interface

includes:

forming a second interface element of the graph interface, the second interface
element being associated with a second port of a second component of the

first plurality of components;

determining a direction of propagation of one or more descriptors of data or
computational characteristics associated with the second port of the
second component including identifying the second port as a port that does
not propagate descriptors of data or computational characteristics to the
second interface element and assigning an inward direction of propagation

to the second interface element based on the identification; and

identifying a relationship between the one or more descriptors of data or
computational characteristics associated with the first port of the first
component and the one or more descriptors of data or computational
characteristics associated with the second port of the second component
and forming a representation of the identified relationship between the

first flow junction and the second interface element.
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59. The computing system of claim 58, wherein the representation of the
relationship includes a constraint indicating that one or more descriptors of data or
computational characteristics associated with the first flow junction are the same as one
or more descriptors of data or computational characteristics associated with the second

interface element.

60. The computing system of claim 52, wherein the processing further includes
modifying the one or more properties of the first flow junction such that ports of one or

more other components conform to the one or more properties of the first flow junction.

61. The computing system of claim 60, wherein modifying the one or more
properties of the first flow junction includes receiving user input and modifying the one

or more properties of the first flow junction based on the user input.

62. The computing system of claim 60, wherein modifying the one or more
properties of the first flow junction includes analyzing the one or more other components
to determine one or more descriptors of data or computational characteristics associated
with the ports of the one or more other components and modifying the one or more
properties of the first flow junction based on the determined one or more descriptors of
data or computational characteristics associated with the ports of the one or more other

components.

63. The computing system of claim 60, wherein modifying the one or more
properties of the first flow junction includes analyzing the one or more other components
to determine a direction of propagation of one or more descriptors of data or
computational characteristics associated with the ports of the one or more other
components and modifying the one or more properties of the first flow junction based on

the determined direction of propagation.
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64. The computing system of claim 52, wherein forming the graph interface
further includes identifying a parameter associated with the first plurality of components

and adding an interface element associated with the parameter to the graph interface.

65. The computing system of claim 64, wherein the processing further includes
identifying a parameter value corresponding to the parameter and configuring the graph

interface to use the identified parameter value as a default value.

66. The computing system of claim 53, wherein the processing further includes

preparing the second directed graph for execution including:

reading the first implementation of the graph interface from the data storage

system, and

inserting the first implementation into the second directed graph including
establishing a directed link between the first port of the first component of
the first plurality of components in the first implementation of the graph
interface and the first flow junction of the graph interface based on the
first correspondence between the first flow junction and the first port of
the first component of the first plurality of components in the first

implementation of the graph interface.

67. The computing system of claim 53, wherein the processing further includes

preparing the second directed graph for execution including:

reading a second implementation of the graph interface, different from the first

implementation of the graph interface, from the data storage system, and

inserting the second implementation into the second directed graph including
establishing a directed link between a port of a component in the second
implementation of the graph interface and the first flow junction of the
graph interface based on a second correspondence between the first flow
junction and the port of the component in the second implementation of

the graph interface.
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68. The computing system of claim 52, wherein the first flow junction includes a
flow junction for joining a directed link connected to the first port of the first component
of the first plurality of components to a port of another component not included in the

first plurality of components.
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