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Abstract

Current communications tools and libraries for high
performance computing are designed for platforms and
applications that exhibit relatively stable computa-
tional and communication characteristics. In contrast,
the demands of (1) mixed environments in which high
performance applications interact with multiple end
users, visualizations, storage engines, and I/O engines
{ termed `distributed laboratories' in our research {
and (2) high performance collaborative computing ap-
plications in general, exhibit additional complexities in
terms of dynamic behaviors. This paper explores the
communication requirements of distributed laborato-
ries, and it describes the DataExchange communication
infrastructure supporting their high performance inter-
active and collaborative applications.
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1 COMMUNICATION SUBSTRATES

Communication tools and libraries for high perfor-
mance distributed computing have evolved substan-
tially during the last few years, from systems enabling
distributed parallel computing such as PVM [3], to in-
dustrial standards being actively implemented and im-
proved such as MPI [2], to recent proposals for in-
frastructures that can facilitate the construction of na-
tionwide, networked supercomputers. Our work con-
tributes to such research by addressing several spe-
ci�c issues that arise whenever diverse networked ma-
chines are used in research and development settings
or even in production environments, by single or mul-
tiple end users. The target applications we consider
are those in which end users interact with powerful
computational tools and with each other across hetero-
geneous networked machines, termed `distributed lab-
oratories'. The communication demands of such dy-
namic computational environments share some com-
monalities with traditional distributed systems as well

as with the highly dynamic environment of today's web
browsers and CORBA-based distributed object sys-
tems, but unfortunately these similar environments do
not adequately address the high performance needs of
some applications. Moreover, these environments' dy-
namic communication and computational behaviors are
not addressed by standards for distributed high perfor-
mance computing like MPI.

Our work assumes that end users should be able
to exploit the potentially high performance of vendor-
provided implementations of standards like MPI when
appropriate for their applications. In addition, when
application requirements can be stated statically, users
should be able to exploit the automatic support for
parallelization and for e�cient inter-task communica-
tions o�ered by compilers, their runtime support, and
specialized communication libraries. Given these as-
sumptions, the `Distributed Laboratories Project'[5] at
the Georgia Institute of Technology is developing com-
munication support that addresses the interactive and
dynamic nature of high performance applications, to
enable their use in scienti�c investigations or in pro-
duction environments, by single and by multiple end
users. Speci�cally, the DataExchange communication
library utilized in the implementation of several dis-
tributed high performance applications o�ers the fol-
lowing functionality:
� a publish-subscribe communications model,
� fast heterogeneous data transfer, and
� support for application-level diversity.

In the remainder of this paper, we characterize the
communication characteristics of high performance ap-
plications when they are used in distributed laboratory
settings. Next, we identify the requirements these char-
acteristics impose on the underlying communication in-
frastructure. Using examples from the high perfor-
mance interactive applications being developed at Geor-
gia Tech, we also describe the DataExchange commu-
nication library. Experimentation with DataExchange
across networked machines and with the sample appli-
cation serves to evaluate the manner in which the iden-
ti�ed communication requirements are met.
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2 THE DISTRIBUTED LABORA-
TORY ENVIRONMENT

2.1 Characterizing Distributed Labora-
tories

In order to illustrate the challenges posed by dis-
tributed laboratory environments, we �rst consider a
speci�c application. In particular, consider a large sci-
enti�c simulation running on a set of computational re-
sources, such as a global climate model being developed
for networked parallel machines[4]. This global model
might interact with more detailed local climate, atmo-
spheric or pollution models in order to enhance the
accuracy of both the local and global models. These
models may run concurrently on a variety of parallel
and distributed computing resources, or, ideally, any
one of the global or local models should be able to be
replaced at runtime with a historical database contain-
ing information from previous model runs. In addition,
model outputs may be processed using a variety of in-
struments, including specialized visualization interfaces
or computational instruments performing calculations
which derive from and expand upon the basic model
results. Similarly, model inputs may be provided via
other instruments that either utilize live satellite feeds
or access stored satellite data on remote machines.

Consider the introduction of observers into this ap-
plication scenario. Given the scale of such an appli-
cation and the speed and complexity of its execution
platform, it is easy to imagine that the simulation's
progress and results are monitored by multiple scien-
tists in distributed locations. The scientists' interests
may vary from wishing to see the \big picture," to in-
vestigating in detail subsets of the simulation's output,
to collaborating with each other via the computational
instruments these models implement. The distributed
application has additional components that assemble
the information needed to drive various interactive dis-
plays, by gathering data from the distributed simulation
and performing the analyses and reductions required for
these displays. Some of these components may them-
selves have substantial computational or storage needs
and require dedicated additional resources of their own.
They may also require access to additional information,
as is the case for the atmospheric model's display with
which end users compare observational (satellite) data
with model outputs in order to assess model validity
or �delity. Moreover, since end users control the set
of computational instruments, input and output com-
ponents, and the displays, the current set of interact-
ing computational instruments will change dynamically,
driven by end users' needs or by the current needs of
the running simulation. Figure 1 depicts a sample ap-
plication con�guration.

Taken as a whole, this application scenario has re-
quirements for data management and exchange that go
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Figure 1: A SAMPLE DISTRIBUTED LABORATO-
RIES APPLICATION CONFIGURATION.

well beyond those of a traditional parallel or distributed
application. In particular, it presents a need for ef-
�cient high-performance data exchange coupled with
data location and analysis in a highly dynamic hetero-
geneous environment. These communication needs are
discussed in more detail in the next section.

2.2 Communication Requirements

2.2.1 Flexible High-bandwidth Data Transfer

The need for high bandwidth and low latency in com-
munications is common to most high performance ap-
plications, and those running in the distributed labo-
ratory are no exception. However, in addition to these
commonly known communication demands, distributed
laboratory applications have several additional commu-
nication demands:

1. Data-driven, time-constrained computations { in
addition to satisfying the communication de-
mands internal to a laboratory's parallel compu-
tational instruments, the communication infras-
tructure must also provide for suitable latencies of
the data transfers from input engines to computa-
tional instruments, from instruments to observers'
displays, and between multiple, collaborative dis-
plays.

2. Scalable communications { because any number of
di�erent data generators and consumers may co-
exist in a large-scale laboratory, it is not su�-
cient simply to transfer data, but the infrastruc-
ture must also permit suitable transformations on
the data as it is being transferred, and it must pro-
vide mechanisms for e�cient data distribution and
collection among large numbers of consumers and
providers.

As a result of these additional two demands, the
distributed laboratory's communication infrastructure
cannot rely on ine�cient techniques like ASCII trans-
mission of data to handle such issues as heterogeneity
in the execution environment. The infrastructure must



also facilitate the association of computations with data
transfers, as explained in more detail in Section 2.2.4
below.

2.2.2 Operation in a Diverse Environment

The application environment described above is
clearly heterogeneous, but it can perhaps be more
strongly described as diverse. This means that, in ad-
dition to operating in an environment where machine-
level representations of elementary types may di�er, the
various components of the application may be devel-
oped in a much less tightly coupled manner than a tra-
ditional parallel or distributed program. That is, they
may not all be produced by a single group or orga-
nization and they may include \generic" components
designed to operate in many situations.

One implication of this application diversity is that it
is not generally practical for all of the components oper-
ating in the distributed laboratory to agree at compile-
time on the formats of all data records to be exchanged
during execution. Even if agreeing on a common and
consistent format for the data were possible, systems
depending upon such agreement are very fragile and
unsuitable for a dynamic environment. This is a prob-
lem that has not been addressed in the past by high-
performance communication systems. The most obvi-
ous approach to operating in an environment this di-
verse is to transmit data in some easily-interpreted free-
form manner, such as encoded in ASCII, and to parse it
upon receipt. This approach achieves the required 
ex-
ibility, but at the cost of seriously compromising the
e�ciency of the communication system, and so it is not
an option for a distributed laboratory.

2.2.3 Dynamic Connection of Clients and Data

Flow Management

In the distributed laboratory environment, compu-
tational agents may be very long-running, and physical
instruments may always have data available. In this
environment it is natural to expect displays, their as-
sociated data processing agents and other components
of the execution environment to come and go as com-
putations proceed. To accomplish this, external clients
must be able to locate and connect to data sources dy-
namically.

The potential for dynamic connection of clients also
means that the 
ow of data and the processing needs
experienced by these 
ows in the distributed labora-
tory are themselves very dynamic. In particular, it im-
plies that senders may not have a priori knowledge of
the identity of all possible receivers. This is a prob-
lem for communications systems which require destina-
tions to be explicitly speci�ed by the sender, such as
traditional send/receive and RPC-style communication
mechanisms. One can, of course, program the applica-
tion such that it responds to the dynamic connection

of clients and automatically routes information 
ows to
interested parties. However, such implementations tend
to make ine�cient use of network resources[7] and to re-
quire the application programmer to create some com-
plex code on top of the basic one-to-one communication
mechanisms. Using a generative, or publish-subscribe,
communications model instead hides the complexity in-
side the communications layer and gives that layer more

exibility to exploit the capabilities of the underlying
network.

2.2.4 Information Filtering and Analysis

As already stated above, a communication infras-
tructure for distributed laboratories must manage both
data 
ows and the necessary computations controlling
those 
ows and their content. The resulting richness
and dynamic nature of the environment and its traf-
�c create additional opportunities for optimization and
improvement. For example, a capable communications
system may take advantage of external knowledge of the
application and reduce overall communication require-
ments through the use of application-speci�c �ltering
and analysis. Because of the application-speci�c nature
of the computation, the main contribution a commu-
nication infrastructure can make is in easing the con-
struction of �lters and computational agents and pro-
viding simple mechanisms through which application-
level routines can be activated.

3 DATAEXCHANGE CONTRIBU-
TIONS

DataExchange library addresses the requirements
described in Section 2. First, DataExchange is based
on PBIO[1], a binary I/O package which provides a va-
riety of mechanisms for handling operation in a diverse
environment. Second, DataExchange provides facilities
for naming and locating data sources, for dynamically
connecting to those data sources and for automatic and
con�gurable redirection of data 
ow. Third, to sup-
port 
exible data processing, analysis and reduction,
DataExchange also o�ers an active-message-style pro-
cessing message processing facility. This processing fa-
cility can also serve to further re�ne and extend the
data 
ow management functionality by making content-
based message forwarding decisions. The remainder
of this section will brie
y examine these features of
DataExchange.

3.1 Binary I/O Support

In trying to create reusable distributed laboratory
tools one would like to have displays and �lter pro-
grams that could be applied to a variety of programs
and situations in the distributed lab without requiring



a priori knowledge of the data formats involved. How-
ever, message passing systems which rely on implicit
receiver/sender knowledge of the data formats being
exchanged do not generally transmit su�cient informa-
tion for an external party to meaningfully interpret a
message in an unknown format.

To address these types of issues, DataExchange re-
lies on PBIO to support its data transfer operations.
In addition to other features, such as named data types
and the ability perform type conversion between match-
ing �elds of di�erent basic types, PBIO supports more
elaborate and 
exible type matching than either PVM
or MPI. In particular, PBIO supports type matching
based on �eld names rather than just elementary types.
PBIO's type matching is also more 
exible in that re-
ceivers are not required to specify every �eld in the
types to be exchanged, but need only specify the names
and types of the �elds that they are interested in. Re-
ceivers will automatically extract the named �elds of
interest and ignore unspeci�ed �elds.

Name-based type matching while preserving e�cient
transmission is possible because PBIO transmits meta-
level format descriptions before transferring any data
records. A format description consists of the name of
the record (message) format, and the names, sizes, o�-
sets and data types of the each of the �elds in the record.
A previously registered format may also serve as the
basic type of a �eld, allowing the creation of complex
nested record types. PBIO also supports �elds which
are statically sized one or two dimensional arrays or dy-
namically sized one dimensional arrays of simple or de-
rived datatypes. Record meta-information is transmit-
ted only once. Thereafter, transmission occurs in the
writer's native format and the PBIO library on the re-
ceiver transparently handles discrepancies between the
writer's format and the format required by the reader.
Transmitting in the writer's native format allows com-
plex messages to be sent over the wire without any copy
or \bu�er building" stage. In the case of transfers be-
tween homogeneous machines, the only additional over-
head imposed by PBIO is the transmission of a 4-byte
format ID.

Because PBIO record meta-information is transmit-
ted on the wire rather than relying on implicit knowl-
edge in the sender and receiver, the task of creating
generic tools and displays that can be \plugged in" to
applications in the distributed laboratory is eased. Be-
sides the ability to translate between wire and native
record formats described in the previous paragraph,
PBIO provides a variety of facilities for manipulat-
ing format meta-information and extracting individual
�elds. These functions support the special needs of pro-
grams which are required to process a portion of the
data in a record and forward the remainder untouched.

3.2 Location, Connection and Flow

The dynamic nature of the distributed laboratory
environment creates the requirement that a new display
be able to locate and connect to information sources and
that communication topology be dynamic at run-time.

Dynamic location of communicators is seldom di-
rectly addressed by communication packages. Basic
socket implementations require the use of a port num-
ber that is known to all parties and there are no com-
mon mechanisms for publishing a dynamically created
name/port number association. PVM supports com-
munication with a dynamically forked remote process,
but lacks the ability to initiate communication between
two unrelated processes. MPI contains no support for
initiating communication between unrelated processes,
though MPI-2 will provide some primitive communica-
tor location facilities. CORBA[6] recognizes the prob-
lem of dynamic location and includes a speci�cation for
the CORBA Name Service (which is getting widespread
implementation). However, the CORBA name service
is not useful outside of the CORBA domain. While
a naming service to support communication in the dis-
tributed laboratory need not be overly complex, it must
be available.

The ability for a client to selectively receive only a
portion of the data available from a particular source is
also a capability that is seldom supported by commu-
nication libraries. However, the distributed laboratory
environment has the potential for large 
ows of scien-
ti�c and monitoring data. While clients always have
the option of receiving everything and discarding that
data which is not of interest to them, adding the abil-
ity for them to specify what is interesting so that the
uninteresting is not transmitted (and so does not take
bandwidth) may be key to reducing overall network re-
source demands.

The facilities for locating, connecting to, and control-
ling 
ow between data sources are explained in greater
detail in Section 4.

3.3 Information Filtering

In an environment like the distributed laboratory,
it is useful to be able to create generic �lter and dis-
play programs that can be assembled in a plug-and-
play manner. Both �lter and display-type programs
are often constructed in an event-driven programming
style. Like a variety of other packages, DataExchange
provides the ability to bind application level functions
to communication system events. DataExchange events
include the connection of new clients, shutdown of client
connections, and message arrivals. DataExchange also
allows di�erent functions to be bound to each type of
message. With this level of support, simple �lter pro-
grams can often be reduced to a very few lines of code.

This basic support for binding application functions
to message arrivals also provides for the creation of



data-dependent routing and forwarding of messages.
Data-dependent routing could be used to supplement
the record-type-based forwarding that is built in to
DataExchange.

4 THE DATAEXCHANGE COMMU-
NICATION LIBRARY

DataExchange facilitates communication between
processes in a distributed laboratories environment
through a set of services that provide the behavior
needed by applications. For example, a visualization
client receiving large amounts of data from a global at-
mospheric model may at some point no longer need mes-
sages containing updated species concentration values.
Instead of being forced to discard the species concentra-
tion messages upon arrival, DataExchange provides a
means for the client to issue a command to the server to
stop sending messages of that kind, thus freeing band-
width that would otherwise be used. DataExchange
currently executes on Sun Solaris, SGI, Linux, RS6000,
and Windows NT platforms.

4.1 Concepts

Before discussing the services provided by DataEx-
change, we introduce several general concepts, an un-
derstanding of which is useful for understanding those
services. One enables Dataexchange communication by
creating a DataExchange context. The context, spe-
ci�c to a single process, supports a group of related
connections. The separate communication context in-
sulates communication internal to the library from ex-
ternal communication and provides a means of associat-
ing related communication channels. A DataExchange
context is created with a call to DExchange create(),
which creates the context by initializing a DExchange

data structure. The returned pointer to the data struc-
ture is attached to subsequent calls to the library.

An individual connection has associated with it a
DEPort structure. The DEPort structure maintains in-
formation about the connection, such as its hostname
and port id. A DEPort structure is created automati-
cally when a connection is established.

4.2 DataExchange Services

4.2.1 Dynamically Locating and Connecting to

Data Sources

In a distributed laboratories environment it is natu-
ral to expect displays, their associated data processing
agents, and other components of the execution envi-
ronment to come and go over the course of time. A
library that supports dynamic locating and connecting
to data sources must provide several services: dynamic
location of communicators, dynamic connection to the

communicator, and the ability to direct events to the
new client without disrupting the data source.

Dynamic location of communicators is provided
through a group server. The group server is a simple
name service that relieves an application of the respon-
sibility of knowing the speci�c location <hostname,
port> of a connection point. The application need only
know an agreed upon name to locate and connect to a
connection point. The group server implements its ser-
vice as a repository of name, connection pairs. The
name, a <user name, application name, group type>
triple, uniquely identi�es a connection point. User
name is usually the userid associated with the process
establishing the group. If not given, it is derived from
the execution environment. The application name is an
agreed upon name identifying the set of communicating
processes. Group type is provided to further delimit the
application name. Group type is used in cases where
an application supports several connection points for
di�erent purposes. For example, one of the processes
participating in the global atmospheric simulation may
establish a connection point for all distributed compo-
nents of the simulation. That same process may need
to establish a communication point to enable communi-
cation between the model and the �lters and visualiza-
tion/steering clients. The two communication 'groups'
would be established with the same application name
but di�erentiated by group type.

The group server accepts queries based on any �eld of
the <user name, application name, group type> triple,
and supports both exact matching and regular expres-
sions. In response to a query, the group server returns
a list of connection points from which the process orig-
inating the query can select.

Dynamic connection to a data source requires
the ability of an event-based application to re-
spond to arriving events, including connection
request events. Event-based processing is supported
by the DExchange poll and handle(DExchange

de, int block) routine, the basic event
handling call in DataExchange. The poll
and handle function is analogous to the
XtAppNextEvent()/XtAppDispatchEvent() pair
in X windows toolkit programming where a DataEx-
change event is a basic communication occurrence,
such as a connection request or message arrival. The
function queries all communication channels associated
with a DExchange context and processes events from
each connection having input ready. The block

parameter speci�es whether or not DataExchange
should block (suspend program execution) waiting on
an event if none is ready.

In addition to services for dynamically locating data
sources and accepting connection requests dynamically,
a communication library meeting the dynamic needs of
distributed laboratories must also provide a means for
a newly connected client to automatically begin receiv-



ing data for which it has registered an interest. DataEx-
change provides such a service through default forward-
ing behavior. A DataExchange server will automati-
cally forward all messages it receives to all connections
that have registered an interest in the messages. This
default behavior can be modi�ed through control func-
tions described in Section 4.2.3 that allow the selective
forwarding and blocking of messages based on format
description.

4.2.2 Analyzing and Filtering Data

Many event-based applications must handle arriving
messages of multiple data formats where often the ac-
tion to be taken is speci�c to the data format. DataEx-
change provides a means for associating an action to
a data format through action routines. Action rou-
tines are routines associated with a particular data for-
mat and invoked when a message of that format arrives.
Similarly, applications may register routines to be called
when a connection is established or shutdown. Ac-
tion routines may be registered and unregistered with
DataExchange at any time.

DataExchange provides two types of action rou-
tines for handling incoming data, functions and �lters.
Functions are called after any implicit data forwarding
whereas �lters are called before data forwarding and
can return a value which preempts further processing.
Functions are useful for gathering statistical or debug-
ging information on the event stream. Filters, on the
other hand, are useful for �ltering events, reordering an
event stream, or consuming events and generating de-
rived events. Functions and �lters are associated with
speci�c data formats though the same subroutine can
be registered as a handler for multiple data formats.

4.2.3 Controlling Flow of Data

As mentioned previously, the default DataExchange
behavior is to resend all data received from one connec-
tion to all of its other connections (except the sender).
This mechanism is useful for constructing interesting
servers and managing data 
ow in networks of commu-
nicating DataExchange programs. The DataExchange
library allows control of this resending in ways which
can be loosely divided into record forwarding and record
blocking controls. Record forwarding and blocking con-
trols both a�ect the implicit resending of received data,
but in di�erent ways. Forwarding controls are available
to the DataExchange program performing the resend-
ing operation and allow that resending to be controlled
on a per-format basis. Forwarding controls are there-
fore local controls in the sense that a DataExchange
program calling those routines a�ects its own resend-
ing. The complementary record blocking controls are
instead used by the DataExchange programs to whom
data is being resent to a�ect the type of data that is re-
sent to them. In particular, by using the record block-

ing controls a DataExchange program can tell another
communicating program not to send it records of a par-
ticular format.

5 CONCLUSION

The current trends in high-performance comput-
ing applications are towards large loosely-coupled dis-
tributed computation and more dynamic models for
both the computation itself and for run-time interac-
tion with the computation. Unfortunately, these trends
are not well supported by traditional message passing
environments. This paper describes a sample applica-
tion from an application class which we are examining
as part of the Georgia Tech Distributed Laboratories
Project and discusses its communication infrastructure
requirements. These requirements are used to drive the
discussion of DataExchange, a communication infras-
tructure we have developed to support the creation of
high performance and collaborative applications in the
Distributed Labs environment.
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