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STARTUP AND CONTROL OF
GRAPH-BASED COMPUTATION

BACKGROUND

This invention relates to execution of graph-based com-
putations.

Complex computations can often be expressed as a data
flow through a directed graph, with components of the
computation being associated with the vertices of the graph
and data flows between the components corresponding to
links (arcs, edges) of the graph. A system that implements
such graph-based computations is described in U.S. Pat. No.
5,966,072, EXECUTING COMPUTATIONS EXPRESSED AS
GRAPHS. One approach to executing a graph-based compu-
tation is to execute a number of processes, each associated
with a different vertex of the graph, and to establish com-
munication paths between the processes according to the
links of the graph. For example, the communication paths
can use TCP/IP or UNIX domain sockets, or use shared
memory to pass data between the processes.

SUMMARY

In a general aspect of the invention, a method for efficient
startup of a graph-based computation involves precomput-
ing data representing a runtime structure of a computation
graph such that an instance of the computation graph is
formed using the precomputed data for the required type of
graph to form the runtime data structure for the instance of
the computation graph.

In another general aspect of the invention, a method for
efficient control of graph-based computation involves form-
ing pools of processes that are each suitable for performing
computations associated with one or more vertices of the
computation graphs. At runtime, members of these pools of
processes are dynamically assigned to particular vertices of
instances of computation graphs when inputs are available
for processing at those vertices.

Another general aspect of the invention involves a com-
bination of the efficient startup and process pool aspects.

In one aspect, in general, the invention features a method
for processing graph-based computations. One or more
graph templates are provided. Each graph template is asso-
ciated with a different type of computation graph and each
computation graph includes a number of graph elements.
Each graph element is associated with a corresponding
computation. One or more pools of computing resources are
formed. Each graph element of a computation graph is
associated with a corresponding one of the pools of com-
puting resources. One or more data streams are processed.
Each of the data streams is associated with a corresponding
type of computation graph. For each of the data streams,
processing of the data stream includes forming a graph
instance from a graph template for the corresponding com-
putation graph. For each of the graph elements of the graph
instance, computer resources from corresponding pools are
assigned to the graph elements. Each data stream is pro-
cessed with a graph instance, including performing the
computations corresponding to the graph elements of such
graph instance using the assigned computing resource.

Aspects of the invention include one or more of the
following features:

The graph elements can include vertices or links of the
computation graph.

The computation resources can include processes, pro-
cesses threads, or database connections.
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Providing the one or more graph templates can include
storing the templates in volatile memory or in non-volatile
memory.

The graph instance can be formed from the graph tem-
plate in volatile memory.

Forming the graph instance can includes allocating a
portion of the memory to the graph instance and copying the
graph template to that portion of the memory.

Computing resources can be assigned dynamically for
part of the computation on the data stream.

Computing resources can be assigned when at least some
part of all of the inputs for such part of the computation are
available.

Computing resources can be assigned when all of the
inputs for such part of the computation are available.

Assigning each of the computing resources dynamically
can include deassigning the computation resource from the
graph element.

Each of the computing resources for a graph element can
be assigned for processing all of the data stream.

The method can further include releasing the computing
resources assigned to graph elements and destroying the
instance of the graph.

At least two data streams each associated with a different
computation graph can be processed concurrently.

At least one graph eclement of instances of each of
different computation graphs can be associated with a same
corresponding pool of computation resources.

At least one computing resource of a same corresponding
pool of computation resources can be assigned at different
times to a graph element of instances of different computa-
tion graphs.

In another aspect, in general, the invention features
software, stored on a computer-readable medium, for pro-
cessing graph-based computations.

In another aspect, in general, the invention features a
system for processing graph-based computations.

Aspects of the invention can include one or more of the
following advantages:

The computational overhead associated with creating
instances of computation graphs is reduced as compared to
establishing separate communication paths between vertices
at the time the graphs are instantiated.

In one embodiment, use of shared memory provides an
efficient communication channel for passing data between
processes implementing computations for the vertices of the
computation graph.

Process pools reduce the overhead associated with creat-
ing and initializing processes for performing the computa-
tions associated with vertices of a computation graph.

Use of a dynamically assigned pools of processes reduces
the resources that might otherwise be used by processes
waiting for input.

Other features and advantages of the invention are appar-
ent from the following description, and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram that illustrates an instance of graph-
based computation.

FIG. 2 is a logical block diagram of a system for pro-
cessing work flows.

FIG. 3 is one embodiment of a data structure for a graph
instance.
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FIG. 4 is a data structure for the computation graph shown
in FIG. 1.

FIG. 5 is a flowchart for system initialization.

FIG. 6 is a flowchart for processing each work flow.

FIG. 7 is a flowchart for execution of an instance of a
computation graph.

FIG. 8 is a flowchart for completion of processing for a
vertex.

DESCRIPTION
1. Overview

The system described below implements a method for
executing computations that are defined in terms of com-
putation graphs. Referring to FIG. 1, an example of a
computation graph 100 includes a number of vertices 110
that are joined by unidirectional links 120. In the example
shown in FIG. 1, vertices 110 are numbered from 1 to 6, and
links 120 are also numbered from 1 to 6. Computation graph
100 processes a work flow that is made up of a series of work
elements 130, such as individual transactions that are pro-
cessed according to a computation graph associated with a
transaction processing system. Fach vertex is associated
with a portion of the computation defined by the overall
computation graph. In this example, vertex 1 provides
access to storage for an initial series of work elements 130,
and passes that series on its output link 1. Processes that
implement the computation associated with each of the
vertices process the work elements 130 in turn, and typically
produce a work element on one or more of the output links
of that vertex.

As illustrated in FIG. 1, a work element 130 is in transit
on link 1, a work element is queued ready for processing at
vertex 3, and two work elements are queued for processing
at vertex 4. Therefore, the processes for vertex 3 and vertex
4 are ready to run to process a queued work element. As
illustrated, vertex 5 has a work element queued on one of its
inputs, link 4, but not on the other input, link 5. Therefore
the process associated with vertex 5 is not ready to run.

Referring to FIG. 2, a system 200 for processing work
flows includes stored graph data structures 210. These data
structures include specifications of computation graphs that
include characteristics of the vertices and links of the graphs.
A graph execution and control (“GEC”) module 220 of the
system receives control inputs 222 including commands to
process particular work flows 232 using corresponding
computation graphs, which are specified in the stored graph
data structures 210. The GEC module 220 uses the specifi-
cations of the computation graphs to control graph compu-
tation processing 230, which is generally made up of mul-
tiple processes. The processes that implement graph
computation processing 230 can make use of external data
and processes 240, which include database engines, data
storage, or other modules that are accessed during process-
ing associated with vertices of the computation graphs.

In general, different types of work flows are processed
using different types of computation graphs 100, and differ-
ent work flows may be processed concurrently, each being
processed by a different instance of a graph. System 200,
through the GEC module 220, allocates resources for the
instances of computation graphs and controls their execution
to process the work flows.

2. Graph Data Structures

System 200 includes a number of features that provide
rapid startup of graph computations as well as efficient
sharing of limited resources.

Before processing a work flow with an instance of a
computation graph, the GEC module 220 creates a runtime
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data structure for that graph instance in a functionally shared
memory. In one embodiment, a single shared memory
segment is created in which all the runtime data structures
for graph instances are created.

Processes are associated at runtime with the vertices of
the graph and each of these processes maps the shared
memory segment into their address space. The processes
read and write work elements from and to the runtime data
structures for the graph instances during processing of the
work flows. That is, data for the work elements that flow
through the graph are passed from process to process
through this runtime data structures in the shared memory
segment.

Graph computation processing 230 may be hosted on a
general-purpose computer under the control of a suitable
operating system, such as the UNIX operating system. The
shared memory for an instance of the graph preferably is
accessible using standard system services (e.g., the mmap(
) UNIX system service) that provide memory mapping
functions to mapped the shared memory segment holding
the runtime graph data structures into the address spaces of
the processes implementing the computation graph.

FIG. 3 is one embodiment of a runtime graph data
structure 300 for an instance of a computation graph. A
header section 320 includes the number of vertices 322 and
the number of links 324 of the graph. Runtime graph data
structure 300 also includes a vertex section 330 that specifies
the vertices of the graph in a series of records 332, each
associated with a different vertex. The runtime structure also
includes a link section 340, which includes link records 342
each specifying a different lint, of the graph. Runtime graph
data structure 300 also includes a buffer section 350, which
holds work element data as the work elements are passed
between vertices of the computation graph and queued prior
to processing at a vertex.

In vertex section 330, each vertex record 332 typically
includes data that identifies the input links 334 for the
corresponding vertex and the output links 335 for the vertex.
For example, the links and the vertices may be numbered
consecutively from 1, and the input and output link data for
a vertex may be represented as a list of indices including
those links.

In this example, each vertex record 332 also includes
storage for an input count 336 that indicates the number of
inputs that do not have a work element queued and waiting
for processing. During execution of the graph, this variable
is initialized to the number of input links for the vertex, is
decremented as input becomes available on each input for a
vertex, incremented when an input queue is empties, and
reaches zero when there is an input available on each input
and the process for that vertex is ready to run.

In this example, each vertex record 332 also includes a
process pool identification 337 that specifies a pool of
processes associated with that vertex (a further discussion of
process pools is included later in this description). Processes
in the identified pool are used to perform the processing for
that vertex. In general, the processing for a vertex can be
performed by any member of the identified pool. Processes
are dynamically allocated for each work element and there-
fore different work elements that are processed by the same
vertex in an instance of a computation graph may be
processed by different members of the identified pool.
Vertex record 332 optionally includes configuration data 338
that is used to tailor any member process of the identified
pool to perform the particular processing for that vertex.

Link section 340 of runtime graph data structure 300
specifies the links of the graph in link records 342. Each link






