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Abstract

The NetSolve project, underway at the University of Tennessee and Oak Ridge

National Laboratory, allows users to access computational resources, such as hardware

and software, distributed across the network. NetSolve provides a variety of interfaces

so the user can easily perform scienti�c computing tasks without having any computing

resource installed on his/her computer. There are many research issues involved in

the NetSolve system, including fault-tolerance, load balancing, user-interface design,

computational servers, virtual libraries, and network based computing. As the project

matures, several promising extensions and applications of NetSolve are emerging. In

this article, we provide an overview of the project and examine some of the extensions

being developed for NetSolve: An interface to the Condor system, an interface to the

ScaLAPACK parallel library, a bridge with the Ninf system, and an integration of

NetSolve and ImageVision.
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1 The NetSolve Project

1.1 Basics

As a result of advances in hardware, networking infrastructure and algorithms, computa-

tionally intensive problems in many areas can now be successfully attacked using networked,

scienti�c computing. In the networked computing paradigm, vital pieces of software and

information used by a computing process are spread across the network, and are identi�ed

and linked together only at run time. This is in contrast to the current software usage

model where one acquires a copy (or copies) of task-speci�c software package for use on local

hosts. One can distinguish three main paradigms for such systems: proxy computing, code

shipping, and remote computing. These paradigms di�er in the way they handle the user's
data and the program that operates on this data. In proxy computing, the data and the

program reside on the user's machine and are both sent to a server that runs the code on
the data and returns the result. In code shipping, the program resides on the server and is
downloaded to the user's machine, where it operates on the data and generates the result on
that machine. This is the paradigm used widely by Java applets within Web browsers. In
the third paradigm, remote computing, the program resides on the server. The user's data is
sent to the server, where the programs or numerical libraries operate on it; the result then

is sent back to the user's machine. NetSolve uses this third paradigm.

Figure 1 depicts the typical layout of the system. NetSolve provides the user with a pool
of computational resources. These resources are computational servers that have access to
ready-to-use numerical software. As shown in the �gure, the computational servers can be
running on single workstations, networks of workstations that can collaborate for solving a

problem, or MPP (Massively Parallel Processor) systems. The user gains access by using
one of the NetSolve client interfaces. Through these interfaces, he can send requests to
the NetSolve system asking for his numerical computation to be carried out by one of the
servers. The main role of the NetSolve agent is to process this request and to choose the
most suitable server for this particular computation. Once a server has been chosen, it is

assigned the computation, uses its available numerical software, and eventually returns the
results to the user. One of the major advantages of this approach is that the agent performs

load-balancing among the di�erent resources.

As shown on Figure 1, there can be multiple instances of the NetSolve agent on the
network, and di�erent clients can contact di�erent agents depending on their locations. The

agents can exchange information about their di�erent servers and allow access from any
client to any server if desired. Suppose, for example, the set of computational resources span

several local area networks and that users on each of these networks want to use NetSolve to

perform scienti�c computations. It is then possible to start a NetSolve agent on each network,
so that user requests always go to the \closest" agent to be processed. Di�erent instances

of the NetSolve agent can then have di�erent views of the set of computational resources,

reecting the fact that certain clients are closer to certain computational resources. NetSolve

can be used either via the Internet or on an intranet, such as inside a research department or
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Figure 1: NetSolve's organization

a university, without participating in any Internet based computation. Another important
aspect of NetSolve is that the con�guration of the system is entirely exible: any server/agent
can be stopped and (re-)started at any time without jeopardizing the integrity of the system.

The NetSolve agent is also the primary participant in the management of the di�erent

computational resources (hardware and software) and is also in charge of the fault-tolerance

mechanisms. Details on the way the NetSolve agent operates and its various responsibilities
in the system are given in Section 1.4.

1.2 The Computational Resources

1.2.1 Challenges

When building the NetSolve system, one of the challenges was to design a suitable model
for the computational servers. For the user to be able to invoke numerical software directly

through our servers, three major features emerge as mandatory for the servers:

Uniform access to the software: The servers should give users the illusion that they
have access to a uniform set of subroutines/functions. This is a critical point since we want

to hide, as much as possible, the speci�cs of the underlying numerical software. In this way,
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users will not need to go through long learning phases when using a new set of functions.

Con�gurability: The servers should not be limited to any particular software. We therefore

needed to provide a framework to add functionality to a computational server in an easy way.

This would give the system the ability to extend and encompass new numerical applications

at will.

Preinstallation : Of course, the user should not be responsible for installing any numerical

software directly. The numerical software available through the servers should be ready-to-

use and already compiled to the target architecture. Or, in a more general view, the system

could dynamically handle installation and compilation itself, without any intervention from

the user.

1.2.2 The Current Design

To make the implementation of such a computational server model possible, we have designed

a general, machine-independent way of describing a numerical computation, as well as a set
of tools to generate new computational modules as easily as possible. The main component
of this framework is a descriptive language which is used to describe each separate numerical
functionality of a computational server. The description �les written in this language can
be compiled by NetSolve into actual computational modules executable on any UNIX or NT

platform.

There are several advantages to this approach. Machine independence is one, as is the
ability to integrate arbitrary software components into NetSolve. But this framework also
allows increased collaboration between research teams and institutions. Indeed, description
�les for a given numerical library need to be written once. These �les can then be exchanged
by any institution wanting to set up servers. They can also be compiled and run to create a

new stand-alone NetSolve system or to contribute new servers to an existing system. Each
time a new description �le is created, the capabilities of the entire NetSolve system are
increased.

These advantages, however, are e�ective only if the process of creating new problems
and adding them to a computational server is reasonably straightforward. For this reason,

we developed a Graphical User Interface (GUI) to handle the generation of the description

�les. The interface performs various error checking on the user input which mostly consists
of mouse clicks and choices in menus. Using the interface is much easier than creating a

description �le manually, especially as the complexity of the problem increases.

Not only is this interface graphical, but it is also written in Java. Several factors motivated

this choice. First, Java allows one to write GUIs very easily, as a result of its built-in widget

classes. Second, Java is object oriented and therefore provides a good degree of modularity

and data encapsulation. These features are important to us because we might have to modify
the syntax of the language in the future to describe wider classes of numerical computations.

Third, Java is Web-enabled. This interface could thus be downloaded as an applet and those

users setting up NetSolve computational servers can create their description �les directly

from within Web browsers. These �les can then be downloaded from the Web browser
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and compiled into NetSolve computational modules thanks to the compiler provided by the

NetSolve server software.

The ultimate goal would be to have a NetSolve description �le repository on the Web.

From such a repository, description �les could be downloaded at will to set up computational

servers. The actual numerical software should also be available to make the creation of these

servers nearly immediate. The idea would then be to add a complementary repository

containing NetSolve description �les to a regular software repository like Netlib [1].

1.2.3 Existing Resources

A number of description �les have been generated for the following numerical libraries: ARPACK [2],

FitPack [3], ItPack [4], MinPack [5], FFTPACK [6], LAPACK [7], BLAS [8, 9, 10], QMR [11],
Minpack [5] and ScaLAPACK [12].

NetSolve computational servers providing access to these libraries are currently running

at the University of Tennessee and at other locations world-wide. Real-time information on
the running servers can be found on the NetSolve web-page located at:

http://www.cs.utk.edu/netsolve.

These numerical libraries cover several �elds of computational science; linear algebra,
optimization, fast fourier transforms, etc. Some of the subroutines in these libraries require

the user to supply a function, for example to evaluate a function to be minimized. The
current version of the NetSolve software handles user-supplied functions in a way described
in [13].

1.3 The Client Interfaces

A major concern in designing NetSolve was to provide several interfaces for a wide range of
users. NetSolve can be invoked through C, Fortran, Java, as well as on Matlab. In addition,
there is a Web-based Java GUI which allows problems to be and solved remotely. Another

concern was keeping the interfaces as simple as possible. For example, there are only two
calls in the MATLAB interface, and they are su�cient to allow users to submit problems to

the NetSolve system. Each interface provides asynchronous calls to NetSolve in addition to
traditional synchronous or blocking calls. When several asynchronous requests are sent to a

NetSolve agent, they are dispatched among the available computational resources according
to the load-balancing schemes implemented by the agent. Hence, the user|with virtually

no e�ort|can achieve coarse-grained parallelism from either a C or Fortran program, or

from interaction with a high-level interface. All the interfaces are described in detail in the

\NetSolve's Client User's Guide" [13]. In Section 1.4.4, we show a utilization example of

NetSolve that takes advantage of our agent-based strategy.
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1.4 The NetSolve Agent

In this section, we highlight the main responsibilities of the agent in the NetSolve system

and we give some details about its current implementation.

1.4.1 The Agent as a Database

Keeping track of what software resources are available and on which servers they are located

is perhaps the most fundamental task of the NetSolve agent. Since the computational servers

use the same framework to contribute software to the system (see Section 1.2.2), it is possible

for the agent to maintain a database of di�erent numerical functionalities available to the

users.

The protocol is fairly straightforward. Each time a new server is started, it sends an
application request to an instance of the NetSolve agent. This request contains general

information about the server (including its location), but also the list of numerical functions
it intends to contribute to the system. The agent examines this list and detects possible
discrepancies with the other existing servers in the system. Based on the agent's verdict, the
server is either rejected or integrated into the system.

Once a new server is accepted, it is a candidate for being used by a client. The next
section explains how the agent might make such a decision.

1.4.2 The Agent as a Resource Broker

The goal of the NetSolve agent is to choose the best-suited computational server for each
incoming request to the system. For each user request, the agent determines the set of servers
that can handle the computation and makes a choice between all the possible resources. To
do so, the agent uses computation-speci�c and resource-speci�c information.

Computation-speci�c information is mostly included in the user request: size in bytes of
the input data, size of the problem to be solved (e.g. dimensions of the matrices for a linear
algebra computation), etc. Resource-speci�c information is composed of static and dynamic

data. Static system-speci�c data is communicated to the agent by each server when it is �rst

started and accepted in the system. This data mainly contains the server's host processor
speed, the number of processors and the complexity of the algorithms used by its numerical

software. Dynamic data represents the load of the server's host, the network delays, and
transmission rates to contact that host. The network performance is actively estimated by

the agent by continuously averaging samples of the network delays between the hosts. The
strategy for the load of the servers is di�erent; the computational servers actively notify the

agent of their workload uctuations when they deem it necessary. Rationale and further

detail on these protocols can be found in [14].
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1.4.3 Fault-Tolerance

As previously mentioned, the hosts in the NetSolve system can be located anywhere on the

Internet and can therefore be administered by di�erent institutions. This is the reason why

NetSolve does not try to impose any control on the di�erent resources. Though this approach

is exible, it requires NetSolve to implement some kind of fault tolerance mechanisms. In-

deed, any resource can become unreachable at any moment, perhaps because of a network

failure, a host failure, or simply a system administrator rebooting a host. Every instance of

the agent has a list of the hardware resource. It is therefore natural that the fault-tolerance

mechanisms in NetSolve be at least partly implemented by the agent.

The NetSolve system ensures that a user request will be completed unless every single

resource capable of servicing the request has failed. When a client sends a request to a

NetSolve agent, it receives a sorted list of computational servers to try. When one of these
servers has been successfully contacted, the numerical computation starts. If the contacted
server fails during the computation, then another server is contacted and the computation
restarts. This whole process is transparent to the user. Each time a computational server
malfunction (server unreachable, server stopped, failure during computation, etc.) is de-

tected by a client, this client noti�es the failure to one agent. The agent updates its tables
and takes the necessary measures. If all the servers have failed, then the user is noti�ed that
the computation can not be performed at that time.

1.4.4 Simple Example of the Agent's E�ectiveness

Several simple experiments can be done with the current version of the NetSolve software
in order to measure di�erent performance issues. The one we are describing here provides

information about the kind of typical gain a user can obtain by invoking NetSolve, as well
as a measure of the NetSolve overhead. In this experiment, the user is using MATLAB
on a Sun workstation (Sparc 5) to perform several matrix multiplications. The size of the
matrices is 800 by 800, and the user wants to perform up to 16 consecutive multiplications.

A NetSolve system is available and consists of 7 computational servers. These servers run

on Sun workstations (Ultra 1's). It should be noted that the results of these experiments
would be the same if instead of one single user, several users were sending requests to the

NetSolve system.

Figure 2 shows the total execution times for various number of matrix multiplications
in two cases: (i) the user is using MATLAB, (ii) the user is using the asynchronous calls of

the MATLAB interface to NetSolve. When the user is using NetSolve, we have performed

di�erent measurements for di�erent geographical locations of the client. The servers are
located at the University of Tennessee. The \Intranet" curve is for a client located on the
same local area network than the servers. The \Close Internet" curve corresponds to a client

at the Oak Ridge National Laboratory. The \Continental Internet" is for a client at the

University of California, Berkeley. Finally, the \Overseas Internet" is for a client located at

the Danish Technical University in Denmark. The matrix multiplication takes roughly 34
seconds on the client machine, using MATLAB. It takes approximatively 20 seconds on the
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server machines, using the BLAS.

In the case where MATLAB is used directly, the total execution time increases linearly

with the number of operations performed at a rate equal to the execution time of one matrix

multiplication. This is of course expected since the multiplications are executed one after

the other. One can see that using NetSolve leads to much better execution times, except

when the client is located overseas. In fact, transferring the data and the result overseas

is much more costly than performing a matrix multiplication. In all the other cases, it is

always better to use NetSolve, even if only one multiplication is needed.
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Figure 2: Multiple 800x800 matrix multiplications

The agent is locating powerful machines, if any, on behalf of the user and schedules
the user's computations on those machines to minimize execution time. In the setting of
these experiments, all the servers were identical and their workloads were identical as well.

The agent was therefore compelled to schedule the computation in what appears to be a

round-robin fashion.

For these advantages to be worthwhile, the user should be required to change as little of
his program as possible. The MATLAB code to perform a matrix multiply is given below:

c = a * b

and an exactly equivalent NetSolve code using a blocking call could be:
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c = netsolve('matmul',a,b)

However, to achieve the speed-ups of the experiment, the user must call NetSolve in an

asynchronous way as:

request = netsolve_nb('matmul',a,b)

...

...

c = netsolve('wait',request)

The price to pay in code complexity is quite reasonable given the improvement in speed

that can be achieved by using NetSolve. This is even more true about the C and Fortran

interfaces. Even more strikingly, the same performance can be achieved from a Java program
calling the NetSolve Java API, since the numerical computation will be performed with
compiled Fortran or C on some other platform.

1.5 Current and Future Directions

Agent-based computing is a promising strategy. NetSolve will evolve into a more elaborate
system in the future and a major part of this evolution is to take place within the agent.
The changes will address di�erent parts of the agent concept. We highlight some of the
modi�cations in what follows.

As the system increases both in number of users and resources, it will be more and more
di�cult to maintain a coherent resource space. The issue of a robust and exible naming
strategy will undoubtedly arise. Several naming services have been designed (LDAP [15],
RCDS[16]) and implementations are starting to become available. Such services would pro-
vide a good basis for a metacomputing project like NetSolve and would relieve the NetSolve

developers from taking naming responsibilities.

NetSolve will eventually need to provide a user-accounting feature so that realistic bounds
can be imposed on resource usage. We could, for example, restrict the access to the resources,

restrict the access for some users, or do a combination of the two. The word restrict is

still to be precisely de�ned in this context. In the current version of the software, every
computational server can be started in an access restriction mode. The restrictions are

described by maximum numbers of simultaneous pending requests from di�erent domain
names (down to di�erent IP-addresses), not taking the actual users into account. This is a

reasonable strategy for now, but a more exible and practical scheme would be to use tokens
or credits that users can release or spend to perform computations. Di�erent users could

have a di�erent level of access. For example, students would not have the ability to run large

computations, whereas researchers could have full access. Administrative authorities could

also customize their own accounting policy and put bounds on the usage of their resources.

These bounds could be in terms of CPU time, or MBytes on hardware resources, or in
terms of number of requests. Two universities or national laboratories could then allow each

other to use every resource with, however, a \preference" for the local users to use the local
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resources. The NetSolve agent could then be the primary actor in a sophisticated accounting

mechanism.

Another step to be taken in the NetSolve project concerns data encryption and compres-

sion. Indeed, they become almost mandatory for any realistic metacomputing project. It is

at this time still uncertain how NetSolve will provide these services. The preliminary investi-

gations imply the use of already existing metacomputing toolkits like the Globus/Nexus [17]

project, for example, to achieve such goals.

Finally, as the types of hardware resources and the types of numerical software available

on the computational servers become more and more diverse, the resource broker embedded

in the agent will need to become increasingly sophisticated. There are many di�culties

in providing a uniform performance metric that encompasses any type of algorithmic and

hardware considerations in a metacomputing setting, especially when di�erent numerical
resources, or even entire frameworks are integrated into NetSolve. Such integrations are
described in the following sections.

2 An Interface to the Condor System

2.1 Overview of Condor

Condor [18, 19, 20], developed at the University of Wisconsin, Madison, is a high throughput
computing environment that can manage very large collections of distributively owned work-
stations. Its development has been motivated by the ever increasing need for scientists and
engineers to exploit the capacity of such collections, mainly by taking advantage of otherwise
wasted CPU cycles. The environment is based on a layered architecture that enables it to

provide a powerful and exible suite of Resource Management services to sequential and
parallel applications. Condor has been ported to most UNIX platforms. Condor views the
owners of the resources as the key holders to the success of a High Throughput Computing
environment. It therefore pays special attention to the rights and sensitivities of the worksta-

tion owners. It is the owner of each and every workstation in the collection who de�nes the

conditions under which the workstation can be allocated by Condor to an external. Condor
jobs that consist of a single process are automatically checkpointed and migrated between

workstations as needed to ensure eventual completion.

A brief description of Condor's software architecture follows. A Condor pool consists of
any number of machines, of possibly di�erent architectures and operating systems, that are

connected by a network. Condor daemons constantly monitor the status of the individual

computers in the cluster (the master daemon, maintains the coherency of the set of dae-
mons). Two daemons run on each machine, the startd and the schedd. The startd monitors

information about the machine itself (load, mouse/keyboard activity, etc.) and decides if it is
available to run a Condor job. The schedd keeps track of all the Condor jobs that have been

submitted to the machine. One of the machine, the central manager, keeps track of all the

resources and jobs in the pool. All the daemons report their information to a daemon (called
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collector) running on the central manager. Finally, an additional daemon (the negociator) on

the central manager periodically takes information from the collector to �nd idle machines

and match them with waiting jobs. When a job is submitted to Condor, the scheduler on

the central manager matches a machine in the Condor pool to that job. Once the job has

been started, it is periodically checkpointed. It can then be interrupted and migrated within

the Condor pool until completion. This organization is partly depicted in Figure 3. More

details on the Condor system and the software layers can be found in [18, 19, 20]. In the

next section, we explain how a Condor pool is being used as the back-end to a NetSolve

computational resource.

2.2 A Condor Pool as a NetSolve Resource
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Figure 3: NetSolve and Condor

2.2.1 Motivation

Interfacing NetSolve and Condor is a very natural idea. NetSolve provides remote easy access

to computational resources through multiple, attractive user interfaces. Condor allows users

to harness the power of a pool of machines while using otherwise wasted CPU cycles. The
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users at the consoles of those machines are not penalized by the scheduling of Condor jobs.

If the pool of machines is reasonably large, it is usually the case that Condor jobs can be

scheduled almost immediately. This could prove to be very interesting for a project like

NetSolve. Indeed, NetSolve servers may be started so that they grant local resource access

to outside users. Such servers are permanently available a the University of Tennessee for

instance. Interfacing NetSolve and Condor could then give priority to the local users and

provide underutilized only CPU cycles to NetSolve users. Such an interfacing is described

in the next section.

2.2.2 Implementation

Figure 3 shows how an entire Condor pool can be seen as a single NetSolve computational
resource. The Condor pool consists of several machines. The Central Manager is represented
at the top of the �gure. As stated before, it runs two daemons in addition to the usual startd

and schedd: the negociator and the collector. All the other machines run the startd and the
schedd daemons only. One of those machines also runs a customized version of the NetSolve
server. When this server receives a request from a client, instead of creating a local child
process running a computational module, it uses the Condor tools to submit that module to
the Condor pool. The negociator on the Central Manager then chooses a target machine and

noti�es the startd of that machine to spawn the computational module. Due to uctuations
in the state of the pool, the computational module can then be migrated among the machines
in the pool. When the results of the numerical computation are obtained, the NetSolve server
transmits that result back to the client.

The actual implementation of the NetSolve/Condor interface was made easy by the Con-
dor tools provided to the Condor user. In the NetSolve server code, it consisted of replacing

a call to execv() by a Condor call. However, the restrictions that apply to a Condor jobs
concerning system calls were di�cult and required quite a few changes to obtain a Condor-
enabled NetSolve server. A major issue however still needs to be addressed; how does the

NetSolve agent perceive a Condor pool as a resource? Indeed, the agent uses some per-
formance metrics to assign client requests to computational resources. It is at this point

unclear how these metrics can be directly applied. A possible approach could be to have the
NetSolve server running in the Condor pool to collect statistics on the pool behavior. These

statistics could then be used by the NetSolve agent to compute predictions of job execution
times in that pool. Finding the appropriate prediction technique will be at the focus of the

next step in the NetSolve/Condor collaboration.

3 Integrating Parallel Numerical Libraries

3.1 Motivation

Integrating parallel packages into NetSolve will allow a user on a PC or workstation to access
MPP systems to perform large computation. This access can be extremely simple and the
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user may not even be aware that he is using a parallel library. Furthermore, this parallel

library will be accessible for C, Fortran, MATLAB, Java programs, and even a Java GUI as

explained in the following section.

NetSolve views a computational resource as a NetSolve server running on some platform.

The speci�cs of that platform are totally hidden from the user. Section 2 already described

how a platform can in fact be a set of machines contributing to the computations requested

by a user. In the case of Condor, the computation is sequential and the computational

process may migrate among the di�erent machines to take advantage of unused CPU cycles.

There is another obvious way in which several machines can be considered as a single com-

putational resource to NetSolve; make those machines participate in a parallel computation.

Enabling NetSolve to use parallel numerical libraries would be a very interesting and natural

development. A user could still use the simple NetSolve interfaces to access the power of
MPPs or networks of workstations to perform large computations. In the next section, we
describe the �rst steps in integrating the ScaLAPACK library into a NetSolve server.

3.2 Integrating Parallel Software Packages into NetSolve
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Figure 4: The ScaLAPACK NetSolve Server Paradigm

ScaLAPACK (Scalable Linear Algebra Package) is a library of high-performance linear

algebra routines for distributed-memory message-passing MIMD computers as well as net-
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works of workstations supporting PVM [21] or MPI [22]. ScaLAPACK was developed at the

University of Tennessee, Knoxville, Oak Ridge National Laboratory and the University of

California, Berkeley. It is a continuation of the LAPACK [7] project, which designed and

produced analogous software for workstations, vector supercomputers, and shared memory

parallel computers. The ScaLAPACK library contains routines for solving systems of lin-

ear equations, least squares problems, and eigenvalue problems. The goals of ScaLAPACK

include e�ciency, scalability, reliability and portability. ScaLAPACK views the underly-

ing multi-processor system as a rectangular process grid. Global data is mapped to the

local memories of the processes in that grid assuming speci�c data-distributions. For per-

formance reasons, ScaLAPACK uses the two-dimensional block cyclic distribution scheme

for dense matrix computations. Inter-process communication within ScaLAPACK is done

via the BLACS (Basic Linear Algebra Communication subprograms) [23, 24]. The BLACS
is implemented in terms of the available native message-passing facilities and is specially
designed for linear algebra applications. All the details on ScaLAPACK can be found in the
latest edition of the User's Guide [12].

Figure 4 is a very simple description of how the NetSolve server has been customized
to use the ScaLAPACK library. The customized server receives data input from the client

in the traditional way. Depending on the implementation environment, the server either
already has access to a set of processors, or must request those processors from the system.
Once the required number of processors is available, the NetSolve server uses BLACS calls
to set up the ScaLAPACK processor grid. ScaLAPACK requires that the data already be
distributed among the processors prior to any library call. This is the reason why each user

input is �rst 2-D block cyclic distributed in that grid when necessary. The server can then
initiate the call to ScaLAPACK and wait until completion of the computation. When the
ScaLAPACK call returns, the result of the computation is usually available on the processors
and is 2-D block cyclic distributed as well. The server then gathers that result and sends
it back to the client in the expected format. This process is completely transparent to the

user who does not even realize that a parallel execution is taking place.

This approach is very promising. A client can use MATLAB on a PC and issue a sim-

ple call like [x] = netsolve('eig',a) and have an MPP system use a high-performance
library to perform a large eigenvalue computation. We have designed a prototype of the
customized server running on top of PVM [21] or MPI [22]. There are many research issues

arising with integrating parallel libraries in NetSolve. First, the agent currently needs to

perform performance predictions for parallel algorithms running in various distributed sys-
tems. Such predictions will be much more involved than the ones performed by the agent at

the moment. Furthermore, the agent may have to make choices regarding, for example the
use of ScaLAPACK or LAPACK for a given problem. Answering the question \is it better to

send this particular computation to a sequential LAPACK server or a parallel ScaLAPACK

server?" will certainly be di�cult in many cases. Second, the server itself must make choices
concerning the processor grid size and the block size of the 2-D block cyclic distribution.

This choice usually depends on the nature and the size of the computation to be performed.
In the current prototype, we did not pay much attention to such choices, but a more real-
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istic version will have to yield the best performance for the number of processors available.

Other issues are related to the actual operating system of the hardware platform and include

processor availability and accounting.

4 NetSolve and Ninf

4.1 A Brief Overview of Ninf

Ninf[25], developed at the Electrotechnical Laboratory, Tsukuba, Japan, is a global network-

wide computing infrastructure project which allows users to access computational resources

including hardware, software, and scienti�c data distributed across a wide area network
with an easy-to-use interface. Ninf is intended not only to exploit high performance in net-
work parallel computing, but also to provide high quality numerical computation services

and accesses to scienti�c database published by other researchers. Computational resources
are shared as Ninf remote libraries and are executable at a remote Ninf server. Users can
build an application by calling the libraries with the Ninf Remote Procedure Call, which
is designed to provide a programming interface similar to conventional function calls in ex-
isting languages, and is tailored for scienti�c computation. In order to facilitate location
transparency and network-wide parallelism, the Ninf MetaServer maintains global resource

information regarding computational server and databases. It can therefore allocate and
schedule coarse-grained computations to achieve good global load balancing. Ninf also in-
terfaces with existing network service such as the WWW for easy accessibility. Clearly,
NetSolve and Ninf bear strong similarities both in motivation and general design. Allowing
the two systems to coexist and collaborate should lead to promising developments, and the

next section describes some preliminary work that has been done in this view.

4.2 A Gateway Between Ninf and NetSolve

The content of this section results from documents exchanged between the NetSolve and

Ninf development teams during the early stages of this collaboration [26, 27]. A collaboration

between the two projects seemed natural. However, some design issues prevent an immediate
seamless integration of these two systems. First, the Ninf MetaServer and the NetSolve

Agent, even though similar in intent, have di�erent philosophies. The NetSolve Agent,
as seen in Section 1.4, is really a resource broker, whereas the Ninf MetaServer is a proxy.

Second, the user interfaces of the two systems are very di�erent. The Ninf interface structure

is based on C-like calling sequences. NetSolve, on the other hand, uses an abstract and
language-independent I/O description. These are the two major sources of di�culties, but
there are numerous details that contribute to make a seamless integration a non-trivial task

(data transfer protocols, data types/structures supported, etc.).

In order to overcome these issues, the Ninf team started developing two adapters: a

NetSolve-Ninf adapter and a Ninf NetSolve-adapter. Thanks to those adapters, Ninf clients
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can use computational resources administrated by a NetSolve system and vice-versa. This

�rst implementation of the adapters is written in Java, and is explained in Figure 5 and 6.

NetSolve−Ninf
     Adapter

NetSolve
  Client

NetSolve
  AgentNetSolve

  Server

  Ninf
Server

Figure 5: Going from NetSolve to Ninf

Figure 5 shows the Ninf-NetSolve adapter allowing access to Ninf resource from a Net-
Solve client. The adapter is just seen by the NetSolve agent as any other NetSolve server.

When a NetSolve client sends a request to the agent, it can then be told to use the NetSolve
adapter. The adapter performs protocol translation, interface translation, and data transfer
in such a way that the NetSolve client does not realize that it is not interacting with a
NetSolve server. The adapter then asks a Ninf server to perform the required computation
and returns the result to the user.

Ninf−NetSolve
     Adapter

NetSolve
  Agent

     Ninf
MetaServer

 Ninf
Client

  Ninf
Server

NetSolve
  Server

Figure 6: Going from Ninf to NetSolve

Figure 6 is very similar to Figure 5. The NetSolve-Ninf adapter can be seen by the Ninf

MetaServer as a Ninf server, but in fact plays the role of a NetSolve client. This is a little

di�erent from the Ninf-NetSolve adapter because, as previously mentioned, the NetSolve
agent is a resource broker whereas the Ninf MetaServer is a proxy server. Once the adapter
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receives the result of the computation from some NetSolve server, it transfers that result

back to the Ninf client.

There are several advantages of using such adapters. NetSolve and Ninf are still young

projects and as such are evolving rapidly. It would therefore be unrealistic to keep mod-

ifying the design of either one of the projects for the sake of collaboration. By contrast,

just updating the adapters to reects the evolutions of NetSolve or Ninf seems perfectly

reasonable. Some early implementation evaluations tend to show that using either system

via an adapter causes acceptable overheads, mainly due to additional data transfers. Those

�rst experiments appear encouraging and will de�nitely be extended to e�ectively enable an

integration of NetSolve and Ninf.

5 Extending ImageVision by the Use of NetSolve

In this section, we describe how NetSolve can be used as a building block for a general
purpose framework for basic image processing.

5.1 Integrating the ImageVision Library into NetSolve

This project is under development at the Institute for Computer Graphics (ICG) at Graz
University of Technology, Austria. The scope of the project is to make basic image processing
functions available for remote execution over a network. The goals of the project include two

objectives that can be leveraged by NetSolve. First, the resulting software should prevent the
user from having to install complicated image processing libraries. Second, the functionalities
should be available via Java-based applications. Let us �rst describe briey the ImageVision
Library (IL) [28]. IL is an object-oriented library written in C++ by Silicon Graphics, Inc.
(SGI) and shipped with their workstations. It contains typical image processing routines to

access, manipulate, display, and store image data. It is also multi-threaded and can therefore

make use of multiprocessor machines and other special graphic hardwares. ImageVision has
been judged quite complete and mature by the research team at ICG and seems therefore a
good choice as an \engine" for building a remote access image processing framework. Such a

framework will make IL accessible from any platform (and not only from SGI workstations)

and is described in [29].

5.2 NetSolve as an Operating Environment for ImageVision

The reasons why NetSolve has been a �rst choice for such a project are diverse. First,

NetSolve is easy to understand, use, and extend. For example, it very simple to call NetSolve

at the client level. Second, NetSolve is freely available. Third, NetSolve provides language
binding to Fortran, C, and Java. And �nally, NetSolve's agent-based design allows load

monitoring and balancing among the available servers. New NetSolve computational modules

corresponding to the desired image processing functionalities will be created and integrated
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into the NetSolve servers in the way explained in Section 1.2.2. The servers will then grant

access to these functionalities via all the NetSolve user interfaces. A big part of the project

at ICG is to build a Java GUI to IL. This will be done with the NetSolve Java API now

available.

NetSolve
  Agent

SGI back endVisualization

NetSolve
   Client

     Java GUI

2. choice of a server

3. send data

4. retrieve result

1. netsl("rotate",...)

Figure 7: ImageVision and NetSolve

Figure 7 shows a simple example of how ImageVision can be accessed via NetSolve. A

Java GUI can be built on top of the NetSolve Java API. As shown on the �gure, this GUI

o�ers visualization capabilities. For computations, it uses an embedded NetSolve client and

contacts SGI servers that have access to IL. The user of the Java GUI does not realize that

NetSolve is the back end of the system, or that they are using a SGI library without running
the GUI on a SGI machine! The protocol depicted on Figure 7 is of course simplistic. In
order to obtain acceptable levels of performance, the network tra�c needs to be minimized.

There are several ways of approaching this problem. It would for instance be possible to

keep a \state" in the server, meaning that some server always keeps the most recent image
objects in memory. It would also be possible to pack several operations in one single request.

Finally, a possibility is for the client to give only references to images (URLs for instance)

instead of image data. All these possibilities are under investigations at the moment.

Integrating image processing functionalities in NetSolve will undoubtedly raise some new
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issues about NetSolve's design and abilities. We will be considering the integration of HTTP

and FTP protocols within NetSolve, on-the-y compression/decompression of user data, and

security considerations.

6 Conclusion

The scienti�c community has long used the Internet for communication of email, software,

and papers. Until recently there has been little use of the network for actual computations.

This situation is changing rapidly and will have an enormous impact on the future.

We have discussed throughout this paper how NetSolve can be customized, extended, and

used for a variety of purposes. We �rst described in Section 2 how an entire Condor pool can

become a NetSolve computational resource. Somewhat similarly, Section 3 describes how
a parallel machine (MPP or network of workstations) can also be used as a single resource
by NetSolve via the use of the ScaLAPACK library. Those two experiments are extending
the range of use of NetSolve in di�erent ways. They also raise new research issues. One
of these issue, and perhaps the most important, concerns the agent resource management

strategy. Indeed, the NetSolve agent performs performance predictions for all the suitable
resources when it receives a user request. Such predictions are much more di�cult to realize
for a Condor pool or a parallel machine than for a single workstation. Much work will
be devoted to unifying our performance metrics so that they encompass the speci�cs of
these new types of resources. We next discussed the NetSolve/Ninf collaboration. Ninf is

a project somewhat similar to NetSolve, at least in its intent, and we described how the
two projects can be bridged to provide a set of resources usable by either NetSolve of Ninf
clients, as well as the preliminary work that has already been done in this view. Making such
metacomputing projects interact is quite a challenge due to di�erences in designs, protocols,
and user interfaces but is one step further toward a metacomputing standard. In Section 5,

we gave an example of an entire application that uses NetSolve as an building block. This
application is an extension of the ImageVision library to a more general image processing

framework that allows remote access from a network. Network enabled servers, and NetSolve

in particular, have helped in developing such a framework and NetSolve has been selected
as the operating environment. All these developments take place at di�erent levels in the
NetSolve project and have had and will continue to have an impact on the project itself,

causing it to improve and expand.
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