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Abstract

PAWS (Parallel Application WorkSpace) is a software in-
frastructure for use in connecting separate parallel appli-
cations within a component-like model. A central PAWS
Controller coordinates the linking of serial or parallel ap-
plications across a network to allow them to share parallel
data structures such as multidimensional arrays. Applica-
tions use the PAWS API to indicate which data structures
are to be shared and at what points the data is ready to
be sent or received. PAWS implements a general paral-
lel data descriptor, and automatically carries out parallel
layout remapping when necessary. Connections can be dy-
namically established and dropped, and can use multiple
data transfer pathways between applications. PAWS uses
the NEXUS communication library and is independent of
the application’s parallel communication mechanism.

1. Introduction

Development of large, high performance scientific sim-
ulation applications on serial or parallel supercomputers
has generally followed a “monolithic” software engineer-
ing approach: develop a single executable or set of exe-
cutables which include all functionality of the simulation,
for which additions or changes to any portion of the code
signal the need for a complete rebuild of the entire appli-
cation. This model has evolved due to the very specialized
nature of supercomputer architectures, and the need to de-
velop applications for use in very specific problem domains.
A growing need for applications of this nature is the abil-
ity to develop these complex simulation codes from more
basic, well-understood simulationcomponents, and to link
these components and full applications together across dis-
parate networks, machine architectures, and programming
languages.

At Los Alamos National Laboratory and other in-
stitutions, very large computational problems are be-

ing addressed by applications that span a wide range
of algorithms, programming languages, and resource re-
quirements. An efficient, flexible mechanism to al-
low independently-developed simulation capabilities to ex-
change data on both serial and parallel architectures is
highly desirable. A general component model which can
work with large-scale scientific simulation codes is seen as
a powerful development method for these types of applica-
tions.

Component development and usage has become a pow-
erful and flexible tool in industry today, and component
models for distributed application development such as
CORBA [1], DCOM [14], or Java RMI [2] have become
popular architectures for building serial applications. These
models, however, unfortunately fall short of providing the
capabilities required to allow them to work with parallel
data structures.

PAWS (Parallel Application WorkSpace) is a project
intended to help application scientists develop modular,
component-like high performance programs, by providing
a common mechanism for linking together parallel applica-
tions and for sharing parallel data structures between these
codes. There are a number of challenges involved in this
issue:

� Allow for dynamiccoupling of applications, at any
time during their execution;

� Avoid serializationbottlenecks when transferring data
between parallel applications;

� Allow for parallel data structures to be shared between
applications using different parallel layout strategies;

� Allow for data exchange between applications devel-
oped in different programming languages.

The strategy which PAWS takes to meet these challenges
is to implement a standard mechanism for specifying the
parallel nature of user-specified data structures through a
PAWS API, and to provide a PAWS Controller application



to coordinate the connection of applications and their par-
allel data objects. In this model, applications become com-
ponents which can be linked together with the help of the
PAWS controller. The PAWS API and controller manage
the details of exchanging data between parallel application
with possibly different data decomposition methods, taking
advantage of multiple network connection pathways when
possible.

In addition to the standard component models, a num-
ber of other systems have been developed for sharing data
structures between serial or parallel applications, such as
Cumulvs [6], DAQV [8], and PARDIS [10], to name a few.
PAWS differs from projects such as PARDIS in itsdata-
centricview, in which the primary inter-application mech-
anism is via exchange of the current state of a parallel data
structure, and an application API which does not focus on
the use of an IDL. PAWS is not focused on the issues of
computational steering, which are an important part of the
Cumulvs and DAQV projects; instead, the “WorkSpace”
portion of PAWS refers to the ability of PAWS, through ap-
plications employing the PAWS API and connecting to the
PAWS controller, to create and manage a data-flow-like net-
work (WorkSpace) of interacting parallel components.

2. Standard PAWS Environment

The PAWS API and controller provide, primarily, a
means for two or more programs to share data stored in par-
allel data structures, in networks such as the prototypical
connections shown in Figure 1. A component model allows
one to develop basic, fundamental blocks which perform a
single task, such as the separate simulation, visualization,
or analysis portions of the networks in Figure 1.

Figure 2 illustrates the standard PAWS working envi-
ronment, demonstrating two separate parallel applications
linked together and sharing parallel data structures. The en-
vironment consists of two basic concepts:

� The PAWSController, the process that coordinates the
work of linking applications and data structures to-
gether, manages resource allocation, and handles user
authentication. This is similar in nature to an Object
Request Broker (ORB).

� The PAWSApplications, which use the PAWS API to
communicate with the controller, to make their data
structures available to other applications, and to trans-
fer data when necessary.

When a program using the PAWS API first starts, it con-
tacts the PAWS controller and registers itself as an active
application. During the course of its execution, the appli-
cation registers those data structures which it would like to
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Figure 1. Prototypical networks of simulation
components. (a) Visualization of two inde-
pendent simulations. (b) Filter network. (c)
Two linked simulations, connected to a paral-
lel I/O module and a visualization component.

make available for other applications to share. The con-
troller, via an interpreted script provided to the controller
by a user or by a visual setup environment, connects data
structures together by establishing data transfer pathways
directly between the relevant applications. Data transfer oc-
curs across multiple connections, taking advantage of the
maximum available network bandwidth. Thus, the applica-
tions using the PAWS API represent the simulation software
components in this environment, and the PAWS controller
manages the infrastructure for connecting these components
together.

Due to the scripted nature of the controller, parallel com-
ponent networks can easily be established, and dynamically
altered to replace or reconfigure the components into new
relationships. A key feature of this system is the use of
parallel data transfer network pathways directly between
the applications sharing a particular parallel data structure,
which addresses the challenge of connecting parallel com-
ponents together in an efficient manner.

3. PAWS Controller

The PAWS controller is implemented as a standalone
application which acts as a simple repository of infor-
mation on the state of the PAWS working environment
(WorkSpace). This information includes:

� The location and configuration of available compute
resources.
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Figure 2. The standard PAWS WorkSpace en-
vironment, demonstrating two parallel appli-
cations sharing data and in contact with the
PAWS controller.

� The list of activeapplicationswhich use the PAWS
API.

� The list of registereddata objectsin the active applica-
tions, and their characteristics.

� The list of establishedconnectionsbetween data ob-
jects.

The controller can be queried for information by PAWS
applications or other processes, and implements a defined
mechanism to process requests for information through a
simple Tcl [11] scripting interface. This scripting inter-
face is also used to initialize the controller with informa-
tion on the configuration of the available machines, to re-
quest the controller to launch new applications, and to cre-
ate or destroy connections between data objects in regis-
tered applications. Access to controller information about
available applications, objects, and resources may be avail-
able in the future through a Lightweight Directory Access
Protocol (LDAP) [9] interface.

A controller must be available and running when a
PAWS application starts, in order for that application to be
able to register itself and its data objects with the controller.
A controller must also be available when a connection be-
tween two data objects is established. No interaction with
the controller is required, however, during actual data trans-
fer between two applications. The information about the
state of the controller and WorkSpace are kept in persistent
storage, in order to improve fault tolerance – if the con-
troller dies while active PAWS applications are still present,
a new controller may be started and use the persistent state
information to restore the original WorkSpace.

The controller is also responsible for providing resource
allocation and user authentication facilities to the user and
PAWS applications. Applications launched by the con-
troller must be executed on the proper architecture and with

sufficient resources, thus access permission for these re-
sources must be obtained by the PAWS controller. We plan
to utilitize the Globus [3] metacomputing environment for
these purposes.

4. PAWS API

The PAWS user API is provided as the mechanism by
which a new or existing parallel application may participate
in the PAWS WorkSpace. The API is implemented as a
C++ class library at present; C and Fortran interfaces are in
development.

Applications first use the API to register themselves
with a running PAWS controller, which is accomplished
by creating an instance of thePawsApplication class.
PawsApplication must be given a URL indicating
where to contact the PAWS controller; the URL may
be provided either directly by the user (if the applica-
tion is started by hand), or by the PAWS controller (if
the application is started by the controller). PAWS uses
the Nexus communication library [4] for PAWS-related
intra- and inter-application communication, and for com-
munication between the application and the controller.
PawsApplication , when instantiated, establishes con-
tact with the controller and all processes of the parallel
application, and provides the user interface for controller
queries. The Nexus-based PAWS communication mech-
anism works independently of the particular intra-process
communication method employed by the parallel applica-
tion, such as MPI [7], PVM [5], or shared memory.

Each component application contains a number of paral-
lel data objects, and the PAWS API is used to register with
the controller the appropriate data objects which should be
available for sharing with another application. For each
such data object, aPawsData instance is created, which
stores the connection state of the data object. Register-
ing a data object does not result in a connection being es-
tablished, it only lets the controller and other applications
know the name, location, and characteristics of the the data
structure. Connections are established through requests to
the controller, either through the controller script interface,
or through a call to the PAWS user API within an appli-
cation. Connections may be established or disconnected at
any time. A data structure may be connected to any number
of other structures: applications themselves are not aware
of what other objects are connected to their own objects, as
PAWS maintains the information about the data connection
network within the controller and thePawsData objects.
The connected objects need only be of the same total size;
they can, in many circumstances, have different parallel lay-
outs or be implemented in different languages.

When two data structures in separate applications have
been connected together (either through a controller com-
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mand, or a call to the PAWS API), they are maintaining
a shared image of each other. In any connection, one ap-
plication is designated as the sender, and the other as the
receiver, which is determined when the connection is estab-
lished. Both applications use the API to indicate when their
data structures are in a ready and consistent state so that
data transfer may occur, and updates of the image main-
tained by each application occur when both sides are ready
for transfer. When both sides are ready, PAWS handles the
work of determining where each portion of the parallel data
object should be sent to or received from, and uses Nexus
to perform the data transfer. There are, however, different
synchronization possibilities, which affect the behavior of
applications at data image update junctures:

� Fully synchronousconnections require both applica-
tions to make sure the other side is ready for data trans-
fer, and to make sure the transfers occur before contin-
uing execution. For example, two simulation compo-
nents using PAWS to connect the output of one model
as the input of a second model would require a fully
synchronousconnection so that no time steps or frames
of the shared data are lost.

� Fully asynchronousconnections result in data trans-
fer occuring only when both applications happen to be
ready at the same time. A visualization program is a
good example of this situation: a simulation compo-
nent may be connected to a visualization component,
but the simulation should not be slowed down if the vi-
sualization program is busy. An asynchronous connec-
tion allows the simulation program to skip data trans-
fers except when the visualization program is prepared
to accept the data at the time when the simulation pro-
gram is ready to send.

� Partially synchronousconnections act like fully syn-
chronous connections, but only within a user-specified
timeout period. If either application, when it reaches
a point where it indicates it is ready to send or receive
data, waits longer than the timeout period, the appli-
cation will continue execution without performing the
transfer.

The synchronization mode is selected when the connection
is established, and can be changed at any time while the
connection is active.

5. Parallel Application Interoperability

The most difficult challenge which PAWS must address
in order to efficiently couple parallel applications is to pro-
vide a mechanism for redistributing data structures from
one parallel decomposition pattern to another. This problem

can occur in a number of situations, such as when applica-
tions use differing number of processors, or use different
parallel layout strategies.

Figure 3. The communication schedule nec-
essary to redistribute data from a 2D paral-
lel array with a parallel-serial layout to one
with a serial-parallel layout. PAWS provides a
mechanism to calculate this communication
schedule and to perform the data transfer.

Consider the simple case of sharing data in a two-
dimensional array between two parallel components, the
first using a parallel-serial distribution, the other serial-
parallel, as shown in Figure 3. The communication pattern
needed to redistribute data from the former to the latter lay-
out is indicated in the figure. When PAWS establishes a
connection between two data objects, the controller is in-
formed of the parallel layout for the data in both of the ap-
plications, and computes the communication schedule for
the data transfer. This schedule is given to both applica-
tions, which use the information to send and receive the
necessary messages for the transfer. PAWS avoid the bot-
tleneck of serializing all messages through a single com-
munication channel by establishing Nexus communication
pathways from each process in one parallel application to
the other connected application processes that communicate
with that node.

PAWS includes the flexibility to support new types of
parallel data structures, through extension of PAWS base
classes. When a parallel data structure is registered by an
application as available for connection to another program,
the application must supply information about the parallel
layout, the location, and the storage type of the data. The
PAWS API includes the following classes to represent this
information:

� PawsRepresentation manages the information
about how the data is distributed among processors. It
contains the functionality to build a schedule of mes-
sages which must be sent or received during a parallel
data transfer.

� PawsDescriptor contains a reference to the
data itself, and provides the functionality to cre-
ate, send, and receive the necessary messages dur-
ing an update. The message schedule generated by
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PawsRepresentation provides the information
about what messages are required.

� PawsData objects, created by the user for each paral-
lel data object registered with the controller, each con-
tain a singlePawsDescriptor instance, and one
or more pairs ofPawsRepresentation instances,
one for each active connection in which the the data
object is involved. ThePawsRepresentation
pair includes the local representation, and the rep-
resentation within the connected application. When
a connection is established, the controller sends the
PawsRepresentation information to both sides,
which can then compute the necessary communication
schedule.

ThePawsRepresentation class stores the parallel de-
composition information in a standard PAWS format, con-
sisting of a list of domains of the form(first, last, stride)
and their mappings to physical processors. For many data
structures this is sufficient, and if a new data structure can
represent its layout in this format, PAWS can calculate the
necessary schedule to send data from one specific represen-
tation to another. Use of this standard representation format
allows PAWS to provide interoperability between many par-
allel applications – as long as both applications in a connec-
tion provide a data structure with the same total size and
a representation in standard PAWS format, PAWS can effi-
ciently transfer the data between the two parallel layouts. If
a new data structure cannot be represented in the standard
PAWS format, however, a specializeduser representation
may be provided. In this case, the user must also provide
the mechanism for generating the communication schedule
to map this user representation to a different layout. Parallel
data objects using specialized user representations can only
be linked with other data objects using the same specialized
representation, however.

The PAWS API includes a simplePawsArray
object as a sample parallel data structure capable
of working within the PAWS WorkSpace. Figure 4
summarizes thePawsArray class and its relation-
ship with other PAWS support classes.PawsArray
extends the PawsDescriptor object, while a
PawsArrayRepresentation class extends
PawsRepresentation . The new representation
class stores the layout information forPawsArray in
a standard PAWS layout format, which PAWS uses to
generate a communication schedule. To enable a new
parallel data type to work within the PAWS WorkSpace,
the user need only extend the existing PAWS classes in the
same way as was done forPawsArray . As an example,
the POOMA [12, 13] parallel application framework
has been updated to allow its parallel multidimensional
array data structures to interoperate with other application

components using PAWS.

PAWS Array Package
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PawsArrayRepresentation
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pack()
unpack()
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(from Application)

PawsArrayDescriptor

packData()
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PawsRepresentation

local_std_blocks
global_std_blocks

packStdRep()
unpackStdRep()
buildStdSendSchedule()
buildStdRecvSchedule()
insertStdGlobal()
insertStdLocal()

(from Application)

Figure 4. The PAWS class hierarchy used for
the PawsArray parallel data structure.

6. Performance

To characterize the behavior of applications which use
the PAWS API to share data, we consider the case of two
simulation codes exchanging values for 3D arrays of size
N3. Both applications contain two arraysA andB use them
in a series of computations and data transfers. The first ap-
plication, which represents a “compute” component, first
sends arrayA to the second application, performs a com-
plex computation involvingA, then receives new values for
arrayB from the second program. The second application,
representing a simple “filter” component, simply receives
new values forA, copiesA to B, and transmitsB back to the
first application. This models the situation where two ap-
plications are linked with different performance character-
istics, and share multiple data objects. The compute com-
ponent in this example performs a 3D stencil operation, a
common operation in partial differential equation solvers.
Both benchmark codes are implemented using the POOMA
Framework, and use a fully synchronous coordinate mode.
Figure 5 illustrates the actions of application 1 (the compute
component) and application 2 (the filter component).

The two applications were run using a number of dif-
ferent parallel node combinations, using a single 32-node
SGI Origin 2000 parallel machine at Los Alamos National
Laboratory. The operations summarized in Fig. 5 were per-
formed 100 times; the total simulation time, the time to
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Figure 5. The benchmark used to characterize
the performance of two parallel applications
communicating using PAWS.

perform PAWS send operations, and the time to perform
PAWS receive operations were measured for both applica-
tions. Runs were performed using 1, 2, 4, and 8 nodes for
the applications, in all possible combinations, for 3D arrays
of size N3 with N=64 and N=128.

Figure 6 shows the average total simulation time for each
node of the first (compute) application for different com-
binations of nodes. Figure 6a gives the results for N=64,
while Fig. 6b gives the results for N=128. The axis on the
right gives the number of nodes used for the second (fil-
ter) application, while the axis on the left gives the number
of compute application nodes. The total times for the filter
application are almost identical, since the codes are syn-
chronized. The shapes of the graphs for N=64 and N=128
are quite similar; the N=128 times are in general a factor
of eight larger than those for N=64, since there is 8 times
more data for N=128 than for N=64. There are two impor-
tant trends to the data:

1. For a fixed number of compute application nodes, as
you increase the number of filter nodes the total simu-
lation time decreases by relatively small amounts.

2. For a fixed number of filter application nodes, as you
increase the number of compute nodes the the simula-
tion time decreases by large amounts, in general almost
a factor of two when the compute nodes are doubled.

The reduction in time due to increasing the number of fil-
ter nodes illustrates the performance gain from using mul-
tiple communication pathways, and indicates PAWS com-
munication benefits from this capability. Reduction in sim-
ulation time as we increase the number of compute nodes,
close to a factor of two in almost all cases, is to be expected
since the majority of time is spent performing the 3D stencil
operation and this parallelizes well. This continues to scale
in combination with different numbers of filter nodes, with
the exception of large numbers of compute nodes and small

numbers of filter nodes. Normally, the compute application
requires more time than the filter, but in this case, the filter
application becomes the bottleneck.

Figure 7 breaks the total times shown in Fig. 6a for N=64
into the times to perform the PAWS send (Fig. 7a) and re-
ceive (Fig. 7b) operations. These times are for the first ap-
plication, which performs the computation; the times for the
second filter application are similar, but with longer send
and receive times in most cases resulting from the fact that
the compute application is slower due to the 3D stencil com-
putation. The times to perform PAWS send operations are
in all cases less then 5 percent of the total simulation time.
Receive operations, which include time spent waiting for
all necessary messages from the other nodes, take notice-
ably longer, from 15 to 30 percent of the total simulation
time.

The send time graph reveals that for a fixed number of
filter nodes, increasing the number of compute nodes re-
duces the send time, since each compute node has less data
to send in smaller numbers of messages. This trend matches
the total simulation time trend. However, for a fixed number
of compute nodes, increasing the filter node count slightly
increases the total send time. More filter nodes require, in
most configurations, more messages to be sent by each com-
pute node. This extra overhead is slight compared to the to-
tal run time, however, and is more than offset by improve-
ment in the time to receive. The only anomaly in this graph
is the case of 8 compute nodes and 1 filter node, a result
of the filter application becoming slower than the compute
application.

The most striking feature of the receive time graph is
the decrease in the time for application 1 to receive the
data back from application 2 as you increase the number of
nodes in application 2. For a fixed number of nodes in ap-
plication 1, the amount of data each node must receive is the
same, but this is done in smaller increments with more mes-
sages which helps to hide communication latency. In con-
trast, the receive time for a fixed number of filter nodes as
the number of compute nodes is increased is fairly constant,
and is basically a function of the number of filter nodes.
One would expect that larger numbers of compute nodes,
which must each receive smaller amounts of data, should re-
quire less time to receive their values. That this is not seen
is not a fundamental limitation of using multiple connec-
tion pathways, however, but a characteristic of the current
PAWS implementation which is addressable through reduc-
tion in the overhead associated with maintaining a fully syn-
chronous connection mode.
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