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Abstract

We present a new parallel programming tool envi-
ronment that is (1) accessible and executable “any-
time, anywhere,” through standard Web browsers
and (2) integrated in that it provides tools that ad-
here to a common underlying methodology for par-
allel programming and performance tuning. The
environment is based on a new network computing
infrastructure, developed at Purdue University.

We evaluate our environment qualitatively by
comparing our tool access method with conven-
tional schemes of software download and installa-
tion. We also quantitatively evaluate the efficiency
of interactive tool access in our environment. We
do this by measuring the response times of various
functions of the URSA MINOR tool and compare
them with those of a Java Applet-based “anytime,
anywhere” tool access method. We found that our
environment offers significant advantages in terms
of tool accessibility, integration, and efficiency.

1 Introduction

Programming tools are of paramount importance
for efficient software development. However, de-
spite several decades of tool research and develop-
ment, there is a drastic contrast between the large
number of existing tools and those actually used
by ordinary programmers. In the present paper
we provide solutions to two of the primary prob-
lems that cause this situation. The first problem
is that a programmer, in order to benefit from a
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new tool, will typically have to go through one
or several tedious efforts of searching, download-
ing, installing, and resolving platform incompati-
bilities, before new tools can even be learned and
their use can be evaluated. The second problem
is that, even if the value of a number of tools has
been established, they often use different terminol-
ogy, diverse user interfaces, and incompatible data
exchange formats — hence they are not integrated.

We have created a new tool environment, re-
ferred to as the Parallel Programming Hub (or
briefly, ParHub), that addresses these two issues.
It contributes solutions in the following way. First,
the ParHub makes available a growing number of
tools “on the Web” where they are accessible and
executable through standard Web browsers. A new
tool can be installed as is, providing dynamically
generated user interfaces and, if necessary, being
served directly off of the home site of a proprietary
provider. Nevertheless, the authorized user can ac-
cess the tool via standard Web browsers. Our work
is related to other projects that have provided end
users with the means to transparently access and
use distributed resources. Examples are CCS [1],
MMM [2], NetSolve [3], Ninf [4], RCS [5], Riven-
dell [6], and Schooner [7].

We address the second issue by providing, as
part of the ParHub, a family of tools that are inte-
grated in that they support a common underlying
programming methodology and they can exchange
intermediate data. In this regard, our work is re-
lated to work done to support different phases of
the parallel program development cycle. Examples
of such tools are Fortran D editor/Pablo [§8], the
Annai Tool Project [9], SUIF Explorer [10], and
KAP/Pro Toolset [11].

The Parallel Programming Hub is being built
in a project called NETCARE (NETwork com-
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Figure 1: Entering the Parallel Programming Hub: (a) the main interface and (b) the user account request

interface.

puting for Computer Architecture Research and
Education), which uses a well-developed and es-
tablished online-computing infrastructure called
PUNCH (Purdue University Network Computing
Hubs). In Section 2 we give an overview of the
tools in the Parallel Programming Hub and its un-
derlying technology. Section 3 evaluates several as-
pects of the ParHub. More detailed descriptions of
the above related projects are given in Section 4.
Section 5 concludes the paper.

2 The Parallel Programming
Hub

In this section, we describe the tools available in
the Parallel Programming Hub and the underlying
technology that enables this tool environment. On
the surface, the Parallel Programming Hub looks
like a web server, through which users can run
various parallel programming tools. Underneath
this interface is an elaborate network computing in-
frastructure, called the Purdue University Network
Computing Hubs (PUNCH).

Upon entering the main page, as shown in Fig-
ure l.a, users see the list of tools available for use.
The links to individual tools and the relevant doc-
uments are found here. A new user can request
an account via the interface shown in Figure 1.b.
Upon registering, a user is given an account and
disk space that is accessible as long as the user is
on PUNCH.

2.1 Tools in the Parallel Program-
ming Hub

2.1.1 An Integrated OpenMP Environ-
ment: Polaris, Ursa Minor, MaxP

We have described our goals of providing tools that
support a common programming and performance
tuning methodology. A practical approach to par-
allel program optimization is to apply various par-
allelization techniques, execute and profile the re-
sulting program, identify performance bottlenecks,
and apply possible remedies. This process repeats
until there are diminishing returns. Our methodol-
ogy is based on this approach. It is supported by
an environment that includes a parallelizing com-
piler, a parallelism analysis tool, and a performance
evaluation and visualization tool. In the following
we give an overview of each tool.

The Polaris parallelizing compiler [12] is an ad-
vanced source-to-source restructurer. Polaris can
automatically find parallelism and express it in
OpenMP form [13]. In our parallel programming
projects, Polaris provides a good starting point for
parallelizing and performance tuning scientific and
engineering applications. On the Parallel Program-
ming Hub, Polaris can be run through a form-based
interface as shown in Figure 2.b. Figure 2.a shows
the form to specify a Polaris input file.

The dynamic evaluation of a program can pro-
vide insights into behavior that remains undetected
by static analysis methods. Max/P is a Polaris-
based tool that evaluates the inherent parallelism
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Figure 2: Polaris User Interface on the Parallel Programming Hub: (a) the input file interface and (b) the

execution interface.

of a program at runtime. The tool can find the
minimum execution time of a program assuming
the availability of an unlimited number of proces-
sors. It can also find the parallelism that remains
undetected by Polaris. The UrsA MINOR perfor-
mance evaluation tool described below, can incor-
porate this information into its displays and deci-
sion making process.

The programmers’ intervention is often neces-
sary to improve the performance of a compiler-
parallelized program. To aid this process, the
ParHub provides a performance evaluation tool,
URsA MINOR [14], which combines performance
analysis with the compiler’s static program analysis
information. With its support for OpenMP and the
ability to understand the compiler analysis data, it
complements the Polaris compiler. It collects and
combines information from various sources, and
its graphical interface provides selective views and
combinations of the gathered data. UrsA MINOR
consists of a database utility, a visualization system
for both performance data and program structure,
a searching and viewing tool, and a file manage-
ment module. In addition, it provides an active
performance guidance system, which can analyze
performance problems and suggest remedies. Fig-
ure 3 shows URSA MINOR in use on the Parallel
Programming Hub.

The users who would like to improve the perfor-
mance of their applications can follow the scenario
given below. First, they upload their program into
their ParHub account. Then they can run Polaris
to instrument and parallelize the program. After

the execution of the parallel program, the perfor-
mance profiles generated from these runs and the
outputs of the Polaris compiler can be loaded into
URSA MINOR for evaluation. Users may add man-
ual changes to the program based on their find-
ings or run MAX/P to obtain detailed informa-
tion on the parallel nature of the target program.
Throughout this optimization and evaluation pro-
cess, URSA MINOR provides means to visualize and
reason about the gathered data.

2.1.2 A Growing Number of ParHub Tools

An increasing number of tools are being made avail-
able through the ParHub. Currently, the Trimaran
environment for instruction level parallelism [15]
and the SUIF parallelizing compiler [16] are ac-
cessible. In addition, authorized users can access
a number of common support tools such as Mat-
lab, Mentor Graphics, GNU Octave, and StarOf-
fice (Only Purdue users are authorized to use com-
mercial tools). In the present environment, users
cannot run the generated parallel programs on the
ParHub machines. Users’ executable programs cur-
rently need to be run outside the ParHub. In the
near future, users will be able to both develop and
experiment on the ParHub, and have access to pow-
erful high-performance computer systems. “Exper-
iment modes,” such as single-user runs, will be pro-
vided to support an adequate computer systems re-
search environment.
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Figure 3:

2.1.3 ParHub User Interfaces

Users can easily find proper documentation for
the tools in the Parallel Programming Hub. All
these tools come with brief descriptions for ca-
sual browsing, manuals for detailed usage infor-
mation, and new user’s guides or demo scenarios.
The PUNCH system allows applications to be in-
stalled with either a configurable form-based or a
graphics-based user interface. For batch-oriented
tools, users set relevant parameters to control the
tool runs through a form-based interface as shown
in Figure 2.b. For interactive tools, users are pre-
sented with a flexible window-based interface simi-
lar to Figure 3, through the VNC display manage-
ment utility [17], which allows access to the video
buffer of a remote server (VNC can also be used
via its helper application). In either case, users
can edit, delete, create or upload files in their ac-
count directories before or after running the ap-
plication. A typical file interface is shown in Fig-
ure 2.a. The Parallel Programming Hub is available

URSA MINOR usage on the Parallel Programming Hub.

at http://www.ece.purdue.edu/punch/ParHub/.

2.2 The Underlying Technology:
PUNCH

From a user’s perspective, PUNCH is a Web portal
that allows users to access and run software tools
via standard Web browsers. PUNCH allows tools
from different geographical locations to be indexed
and cross-referenced, and makes them available to
users world-wide. The infrastructure hides all de-
tails associated with the remote invocation of tools
from its users. Existing tools can be installed with-
out modification. Currently, PUNCH provides ac-
cess to tools for parallel programming, computer
architecture, semiconductor technology, and VLSI
design; fifty tools developed by six vendors and thir-
teen universities are available.

From an infrastructure standpoint, PUNCH con-
sists of two parts, as shown in Figure 4. The
network desktop allows users to interact with
the network-computing infrastructure (SCION) via
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interfaces, and SCION manages resources.

standard Web browsers, and generates customized
views of available resources for each class of
users. SCION serves as PUNCH’s user-transparent
middleware. It consists of hierarchically dis-
tributed servers that cooperate to provide on-
demand network-computing. SCION manages the
run-time environment, controls resource access and
visibility, and manages available resources.

A network-computing system such as PUNCH
can be characterized in terms of four parameters:
1) the interface to the external world, 2) the inter-
nal design, 3) the supported class of software and
hardware resources, and 4) the resource manage-
ment capabilities.

External system interface. PUNCH pro-
vides a universally-accessible, Web-based interface
to a network-based computing environment. The
system supports logical organization of resources
(i.e., hierarchical indexing and cross-referencing)
across multiple administrative domains, and can
present users with a dynamically customized (in-
dividualized) view of resources [18]. PUNCH users
have their private, logical, network-accessible user-
accounts; the system manages its own physical ac-
counts on remote resources and dynamically re-
cycles them among users as necessary. Data files
distributed across the network are retrieved in an
application-transparent manner via a virtual file
system based on the UFO prototype [19].

Internal system design. PUNCH employs a

hierarchically distributed architecture in order to
process requests in an efficient and a scalable man-
ner [20]. The number of levels in the hierarchy can
be increased as the system grows, which further
contributes to the scalability of the core architec-
ture. The infrastructure supports multiple, concur-
rent users and processes (jobs), and uses resource
replication to address single-point failures. The
PUNCH infrastructure can be deployed on hetero-
geneous platforms across multiple administrative
domains. This is accomplished by partitioning the
system into cells, each of which is independently-
managed [20]. PUNCH users do not need physical
accounts on the remote resources available to the
system.

Support for software resources. The
PUNCH infrastructure is designed to allow ad-
ministrators to integrate (install) unmodified tools
with little effort; access to source or object code
is not required. Stand-alone tools with batch,
text-based interactive, and graphical user inter-
faces are supported [21]. Tools are installed using
a specifically-designed high-level language that de-
scribes the behavior of the tool to the PUNCH in-
frastructure [21]. This description is automatically
compiled and integrated into PUNCH’s knowl-
edge management system. The Web-based user
interfaces of the tools are dynamically generated
from information specified in HTML templates [21].
Tools with simple interfaces can be installed in as



little as thirty minutes.

Resource management capabilities.
PUNCH employs an application management
framework that allows it to focus on achieving the
best possible cost and performance tradeoff at run-
time, based on specifications of acceptable cost and
desired performance. Cost figures are provided
by administrators. Performance is estimated by a
prediction system [20] that utilizes machine learn-
ing techniques in order to estimate run-specific re-
source requirements before a scheduling decision is
made. PUNCH utilizes a non-preemptive, decen-
tralized, adaptive, sender-initiated resource man-
agement framework; the actual scheduling algo-
rithms can be selected dynamically on the basis of
predicted run-specific resource-usage information.

3 Evaluation

In this section we compare the Parallel Program-
ming Hub with alternative tool environments and
access methods. We provide qualitative and quan-
titative measures for its accessibility, integration,
and efficiency.

3.1 Qualitative Evaluation: Accessi-
bility and Integration

The immediate advantage of accessing tools in a
network-based tool laboratory is the large savings
in user efforts and computer resources. Typically,
in order to make use of a tool without such an envi-
ronment, a user would first locate (e.g., using a Web
search engine) a downloadable tool that appears to
fit the need. To install the tool the user will need
to obtain the right machine resources (E.g., cor-
rect computer type, sufficient memory) and may
need to perform software adaptations and config-
urations. Local user guides may need to be writ-
ten after tool modifications. In our experience, this
process can take from a few hours to several weeks.
The unpredictability of this time is a critical dis-
advantage. In contrast, the Parallel Programming
Hub is a network-based integrated tool laboratory
that benefits users by providing access to already
working tools and their documentation regardless
of any client machine types. A typical tool ac-
cess time for first time users of the ParHub is a
minute, including authentication and navigating to
the right tool.

Once a working set of tools is available for a
given task, the degree of integration of these tools
becomes important. Integrated tools provide a uni-

form user interface. One challenge for the tool de-
veloper is to do this without compromising indi-
viduality of necessary tool features. Furthermore,
data formats need to be compatible, such that tools
can produce, consume, and comprehend each others
information. Perhaps most important, tools must
appear to the user as speaking the same language
and supporting a common methodology. While it
is not possible to attribute a precise cost to the
lack of integration of the current generation of pro-
gramming tools, in our experience this cost is high.
The large number of tools needed for developing
and performance tuning parallel programs aggra-
vate this problem further. The ParHub provides
solutions in two ways. First, it provides a set of
tools that are directly based on a common paral-
lel programming methodology [22]. The user ben-
efits by seeing the same terminology used across
the tools and by being able to include in a tool
the data files produced by the other tools. Sec-
ond, the ParHub provides a common user interface
that presents documentation, help, tutorials, and
data input/output dialogs in a uniform way. At
the same time, it allows unmodified tools to be in-
stalled, providing for necessary uniqueness of tool
features. In our experience, this level of integration
has led to a significant increase in work efficiency
for tool users.

3.2 Quantitative Evaluation: Effi-
ciency

Batch-oriented tools run as efficiently on the
ParHub as on local platforms. In fact, thanks to
the PUNCH system’s powerful underlying machine
resources, most users’ tools have faster response
times on the ParHub. Interactive tools need closer
inspection. In order to provide a quantitative eval-
uation of interactive ParHub tools, we have selected
the URSA MINOR tool described above. For com-
parison, we have implemented an alternative net-
work access method via Java Applets. We call the
two tool versions UM/ParHub and UM/Applet!,
respectively.

A typical tool interaction with UrsA MINOR
causes the tool to fetch from a repository a pro-
gram database that represents a specific parallel
programming case study. It then performs vari-
ous operations on this databases and displays the
results using URSA MINOR’s visualization utilities.
Table 1 shows how server, client, and file operations
are invoked by various tasks in the tool usage.

1In [14] we refer to this tool as UrsA MAJOR



| tasks | UM /ParHub | UM/Applet |
application execution server client Applet
database load local disk 10 + server network transfer + client Applet
display network transfer + client Applet (VNC) client Applet

Table 1: Workload distribution on resources for the URSA MINOR operations selected for the experiment.

In a typical interactive tool session, a user loads
input files, runs computing utilities on the data,
and adds more files for further manipulation. From
this scenario, we chose three tool operations. We
have measured the time taken to load a database,
perform a simple spreadsheet-like operation on the
data, and search and display a portion of the source
codes. The database load is an example of loading
input data, while spreadsheet command evaluation
is representative of computing on the data. Source
search operation requires a simple string search
through a source code. Interestingly, these three
operations exhibit different patterns in resource us-
age. For UM/Applet, the database load operation
requires downloading the database, parsing it, and
updating the display appropriately. Hence, it exer-
cises both networking and computing capabilities.
The second operation, evaluation of a spreadsheet
command, performs a mathematical operation on
the data that the Applet already has downloaded,
so it only involves computing on a client machine.
The search operation mainly relies on networking.
A source file is not part of the database, hence it
has to be downloaded separately. In UM /ParHub,
data transfer over the network is replaced by file
10. However, the response to a user action has to
be updated on the display of the remote client ma-
chine.

We chose two different databases in this experi-
ment, representing a small and a large application
study, respectively. The first database contains
tuning information of the program BDNA from
the Perfect Benchmarks [23]. The database size
is about 72 Kbytes, and the accompanying source
file is about 283 Kbytes. We consider this to be
a small database. The second database contains
information about the parallelization of the RE-
TRAN code [24], which represents a large, power
plant simulation application. The database we used
is 463 Kbytes in size, and the size of the source is
about 5.4 Mbytes.

Finally, we chose three machines on which we
measured the tool response times. “Networked PC”
is a PC with 300MHz Pentium II and 64 Mbytes of
memory. Its operating system is WindowsNT. It is
connected to the Internet through a 10 Mbps ether-
net card. “Dialup PC” is a home PC with 233MHz

Pentium II processor and 64 Mbytes of memory. Its
operating system is Windows95, and its connection
to the Internet is through 33.8K modem and via a
local ISP. The third machine, “Networked Worksta-
tion”, is an UltraSPARC workstation with 167 MHz
processor and 160 Mbytes of memory. Its operating
system is SunOS v5.6. The network bandwidth is
10 Mbps.

We have measured the response time of the three
operations at 8-hour intervals over several days us-
ing a Netscape browser v4.7. We have inserted tim-
ing functions for UM/Applet and used an external
wallclock for UM/ParHub. We made 9 measure-
ments for each case. Figure 5 shows the average re-
sponse time in seconds on the three machines. The
figure shows the three measured tool operations.
The average standard deviation for the measure-
ments is 15.9 %. The maximum standard deviation
is 54 %, which is the case with the evaluation op-
erations on the dialup PC, which take 5 seconds or
less.

Overall, the networked PC exhibits the short-
est response time for all operations. On this ma-
chine, the response times of the Hub version and the
Applet version are comparable. However, down-
loading of a large program source significantly in-
creases the response time of the search operation,
despite the fast network connection. In the case of
UM/ParHub, files are read through file IO within
the server, thus the network is not a dominat-
ing factor. The dialup PC displays adequate re-
sponse time except for the search operation with
UM/Applet. The network bottleneck is even more
pronounced in this case. The performance of the
networked workstation does not degrade substan-
tially due to the network connection. However, its
slow processor and the overhead of the Java Vir-
tual Machine (JVM) make it the worst performing
platform among the three.

The response time on three different machines
for each operation, as shown in Figure 6, offers a
different perspective. We only present the data re-
garding the operations on the RETRAN database
because those on the BDNA database show sim-
ilar trends and the characteristics are more pro-
nounced in the RETRAN case. The response time
of UM/ParHub does not show noticeable variations
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respectively. The data tags with prefix “bd” refer to the same operations on the BDNA database.

on all three machines except on the dialup PC. The
spreadsheet command evaluation takes more than
twice as long on the dialup PC compared to the
others. This operation executes in the order of sec-
onds, so a screen update becomes a factor with the
slow modem connection. For UM/Applet, the plat-
form becomes a deciding factor. If the network is
slow, the performance of the search operation de-
grades. For compute-intensive operations, the ma-
chine speed and the JVM overhead determine the
response time. In all, the ParHub-based tool per-
forms better than the Applet-based version.

Our experiments show that the Parallel Pro-
gramming Hub offers users a fast and stable solu-
tion to interactive network computing. The net-

work transmits only users’ action (pressing but-
tons and clicking a mouse) and screen updates to
and from the server, so the network or processor
speed has little impact on the tool usage in our
experiment. By contrast, Applet-based tools rely
on the client machine for computation and on the
network for data transfer. Thus, if the amount of
data is large or the client machine is slow, the re-
sulting operations take considerably longer. The
two networked machines we used are located within
the Purdue network. We expect these performance
characteristics to be even more pronounced on ge-
ographically distributed machines.
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4 Related Work

In this section we compare the Parallel Program-
ming Hub with related efforts. We do this from the
angle of its major two contributions: advances in
network computing technology and in parallel pro-
gramming environments.

4.1 Network Computing

Our work on PUNCH was motivated by the fact
that many of the systems and technologies that cur-
rently allow computing on the Web support a sin-
gle or a relatively small set of tools. For example,
a large number of systems (such as the Explorato-
rium [25], and JSPICE [26]) are based on scripts
that need to be modified in order to add any new
application to the system. Other designs are more
flexible. The MOL [27] prototype, for example, em-
ploys static Web interfaces that can be adapted for
individual tools. The NetSolve [3], Ninf [4], and
RCS [5] systems are based on structured designs
that target numerical software libraries. However,
static interfaces are not adequate for all tools, and
structured approaches cannot be easily applied to
general-purpose applications. Another problem is
that the majority of these designs assume the avail-
ability of the source and/or object code for the ap-

plications — which effectively precludes the instal-
lation of most commercial tools.

Other systems provide components for network
computing environments. For example, VNC [28]
and WinFrame [29] provide very flexible mech-
anisms for exporting graphical displays to re-
mote consoles in a platform-independent manner.
Globus [30] and Legion [31] provide low-level dis-
tributed computing services for heterogeneous com-
puting environments.

By contrast, PUNCH provides a production
wide-area computing framework and system, which
includes all layers up to the user interface. The
computing infrastructure is not tied to the char-
acteristics of individual applications. Functionally,
this is equivalent to designing a multi-user operat-
ing system for networked resources that provides
user-transparent file, process, and resource man-
agement functions, handles security and access con-
trol across multiple administrative domains, and
manages state information (session management).
The need for such a system and the associated ben-
efits in the context of the World Wide Web have
also been recognized elsewhere [32, 33].



4.2 Parallel Programming Environ-
ments

The important role of tools to aid the process
of parallel program development and performance
tuning is widely acknowledged. Among the sup-
porting tools are those that perform automatic par-
allelization, performance visualization, instrumen-
tation, and debugging. Many of the current tools
are summarized in [34, 35].

We have argued that state-of-the-art tools are
not well integrated. Related projects have at-
tempted to resolve this issue by broadening the sup-
port for different stages of the parallel program de-
velopment process and by creating more complete
parallel programming environments. These efforts
include Faust [36], Fortran D editor /Pablo [8], the
Annai Tool Project [9], SUIF Explorer [10], and
the KAP /Pro Toolset [11]. Faust encompasses code
optimization and performance evaluation with the
emphasis on project management. Fortran D edi-
tor/Pablo and SUIF Explorer aim to integrate par-
allelization and performance evaluation. The An-
nai Tool Project focuses on the aspects of par-
allelization, debugging, and performance monitor-
ing. The main features of the KAP /Pro Toolset in-
clude parallelization, performance evaluation, and
parallel program debugging. In contrast to these
tools, the ParHub presents an environment in which
its tools are globally accessible and directly exe-
cutable. The tools are integrated in that they sup-
port a common methodology and provide uniform
user interfaces for many functions. Furthermore the
ParHub is scalable in that the addition of a large
number of new tools is possible and well facilitated.

5 Conclusions

We have described the Purdue Parallel Program-
ming Hub (ParHub), a Web-executable tool en-
vironment that can be accessed via standard
browsers. The ParHub provides a growing number
of parallel programming tools. Among them, we
have described an integrated set of tools that sup-
port a common programming methodology. Our
main contributions are (1) to provide a new infras-
tructure for “anytime, anywhere” access of both
new and existing tools, and (2) to provide an inte-
grated parallel programming tool environment. We
believe that both of these tool aspects are of deci-
sive importance for successful programming tools.
Such tools, in turn, represent the backbone of the
future generation of software development environ-
ments.

We have quantitatively compared an interactive
tool of the ParHub with an equivalent, Java Applet-
based tool. We have found significant performance
advantages of the Hub-based tool. They primar-
ily stem from the fact that interactive operations
on tool databases need only communicate the ini-
tial command and result from and to the user.
In contrast, Applet-based tools would transfer the
database to the user’s site and perform all opera-
tions locally.

A novel aspect of the ParHub’s underlying tech-
nology is that it represents not only an actual “in-
formation grid”, but also includes the necessary
portals for its end users. One vision is that fu-
ture users can access software tools via any local
platform — from a palmtop to a powerful worksta-
tion. Compute power and file space is provided
“on the Web”. Mobility is provided in that these
resources are accessible transparently from any ac-
cess point. The described infrastructure represents
a significant step towards this vision.
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