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SUMMARY

Grid computing facilitates the aggregation and coordination of resources that are distributed across multiple
administrative domains for large-scale and complex e-Science experiments. Writing, deploying, and testing
grid applications over highly heterogeneous and distributed resources are complex and challenging. The
process requires grid-enabled programming tools that can handle the complexity and scale of the infras-
tructure. However, while a large amount of research has been undertaken into grid middleware, little work
has been directed specifically at the area of grid application development tools. This paper presents the
design and implementation of ISENGARD, an infrastructure for supporting e-Science and grid application
development. ISENGARD provides services, tools, and APIs that simplify grid software development.
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1. INTRODUCTION

e-Science is defined as science increasingly done through distributed global collaborations enabled
by the Internet, using very large data collections, terascale computing resources, and high perfor-
mance visualization [1,2]. It has much to benefit from grid computing which is a special type
of distributed computing on a world-wide scale. Grid computing facilitates the aggregation of
resources which are distributed across multiple administrative domains to act as a single large
system [3]. It presents a paradigm similar to an electric power grid where a variety of resources
such as powerful computers, scientific instruments, and data servers contribute their utility into a
shared pool for users to access.

Much grid research focuses on developing middleware infrastructure in the domains of security,
information, and management. This results in a set of standard tools and practices, for example,
a single sign-on authentication framework, utilities to manage resources, monitoring services, and
a common mechanism to execute grid software. However, no common protocols and standards
have been defined in the area of grid application development [4]. There is a lack of tools for
building, testing, managing, and deploying grid-enabled software. For example, there is no standard
technique for debugging grid applications across multiple heterogeneous resources [5].

The aim of this paper is to present the design and implementation of an infrastructure for
supporting the development; testing and debugging; and deployment of e-Science applications.
The infrastructure, ISENGARD, provides a set of APIs, services, and tools that simplify the task
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of grid programmers and e-Scientists. ISENGARD consists of three distinct software components
with well-defined APIs and bindings [4—7]. These components include user-level applications,
high-level tools, and low-level middleware services.

1.1. Motivation and objectives

Grid middleware hides much of the complexity of the underlying resources and network fabric.
Utilizing grid resources requires appropriate software that needs to be specifically written to take
advantage of the infrastructure. However, in spite of the significant advances in middleware, creating
grid applications is still difficult and error prone. Consider the following quotes from a user survey
report in 2004 [8]:

‘Unfortunately we are not able ... to understand why so few people are running or developing
programs for the grid. Our guess is that developing applications for the grid is too hard and
too time consuming. By surveying the landscape for grid-aware tools, we realize that few
robust tools are currently available.’

‘From a debugging standpoint, most developers are using standard debugging techniques
to debug applications on large scale systems as well as on the grid. These techniques and
tools are adequate in a non-grid environment.’

‘If we want users to migrate ... to the grid, it is important that we make the tools they
need and are accustomed to available on the grid.’

Grid application development is different from the traditional counterpart. The process of writing,
deploying, and testing grid applications over highly heterogeneous and distributed resources is
complex and challenging. The process requires grid-enabled programming tools that can handle
the complexity and scale of the infrastructure. The lack of such programming tools has impeded
the uptake of grid computing to date. A study of grid users conducted in 2007 by the UK e-Science
Core Programme also confirms the aforementioned issues [9]. There are several specific challenges
that make developing grid applications non-trivial and they are listed as follows:

1. Scalability with a large number of grid resources. It is possible to manually build, deploy,
and debug a grid application over two or several resources. However, as the number of grid
resources being used escalates, the complexity and the manageability factors in using these
resources also increase. With the possibility of a large number of compute nodes being used
to run grid software, the ability of the development process to scale becomes an important
consideration. The situation may also be exacerbated if a programmer wishes to use resources
that are handled by two or more distinct grid middleware with different specifics, such as
login procedures and user environments.

2. Heterogeneity in the grid environment. Although grid middleware offers a uniform way for
executing grid applications, it does not completely solve the problem of heterogeneity. In the
grid environment, resources with different architectures and operating systems can be mixed
and used collaboratively. These differences must be taken into account by programmers since
grid applications still need to be written and compiled in accordance with the underlying
execution hardware.

The traditional way of handling heterogeneity in the application development domain is
to employ abstraction to hide the underlying differences and expose higher-level functions.
For example, writing the applications in high-level languages that have portable interpreters
and virtual machines (such as Python and Java). However, this approach has several draw-
backs. It is not suitable for performance-critical programs and it may not fully exploit the
advantages offered by some specific architectures. Moreover, in practice, the majority of grid
programmers still write the applications in system languages such as C/C++ or Fortran [8].

3. Lack of standards in the domain of grid application development. Standards and proto-
cols have been proposed and defined in grid computing for the execution management of
grid applications. However, no standard has been defined in the domain of grid application
development. This lack of standard can lead to re-implementation of development tools that
may not be compatible or interoperable and may only work for certain grid middleware.
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Alternatively, the tools and services need to be designed in a modular way and work with a
wide variety of grid middleware.

4. Ease of use of grid programming tools. Programmers accustomed to traditional application
development may find a high barrier to entry with grid programming because of the additional
considerations such as scalability and heterogeneity involving multiple resources. Over and
above addressing these peculiar issues, grid programming tools must also be user-friendly
and easy to use. We believe that it is advantageous to have grid programming tools with a
familiar and intuitive user interface to the traditional application developers and e-Scientists.

There is a need to have grid-enabled programming infrastructure and tools that can support
e-Scientists in developing grid applications effectively and with ease. The lack of such tools
has encumbered e-Scientists from collaborating and utilizing grid infrastructure for large-scale
scientific research [8].

2. ARCHITECTURE AND DESIGN

To address the aforementioned issues introduced in the preceding section, we have developed a new
infrastructure that supports the development of e-Science and grid applications (ISENGARD). The
infrastructure employs a modular and layered software architecture, which allows loose coupling
between various components. It consists of three software components, namely Remote Develop-
ment Tools (RDT) [6, 7], Worgbench [4], and GridDebug [5]. RDT is an IDE framework that can
be incorporated into existing IDEs for developing grid applications. Worgbench is a framework
that provides high-level services and API that bridge the gap between IDEs and grid middleware.
GridDebug is an extension to the middleware in the form of a grid debugging service for finding
and identifying software bugs in grid applications.

ISENGARD components and their relationships are illustrated in Figure 1, which also depicts the
level of abstraction. GridDebug and Worgbench can be categorized as lower and upper middleware
layers, respectively, and RDT can be classified as user-level software. ISENGARD components
communicate to one another through standard and well-defined interfaces. RDT utilizes Worgbench
services which in turn make use of GridDebug API. In spite of that, the components are loosely
coupled and their explicit interfaces enable them to be used individually. For example, a high-level
software logger or tracer could be built on top of GridDebug without being dependent on RDT or
Worgbench.

As introduced in Section 1, grid middleware provides the necessary infrastructure such as secu-
rity and access management. Rather than duplicating these underlying functions, ISENGARD is
designed on top of the middleware and it fully relies on the respective middleware for resource
access and security infrastructure. Thus, users need to provide ISENGARD with typical authen-
tication information, for example, X.509 proxy certificates. More importantly, ISENGARD does
not place any additional security requirements or restrictions such as open firewall ports beyond
those required by the middleware.

Integrated Grid

Development .

: Middleware
Environment

<+—»| Worgbench |€—>»
Remote

Development GridDebug

Tools

+ Abstraction -

Figure 1. Architecture of ISENGARD.
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The next three sections describe the architecture and design of GridDebug (Section 2.1),
Worgbench (Section 2.2), and RDT (Section 2.3) in detail.

2.1. GridDebug framework

GridDebug is a generic debugging framework designed and built as an extension to grid middleware.
Importantly, it conforms to the Open Grid Services Architecture (OGSA) standard [10, 11], meaning
that the existing middleware does not have to be replaced. The GridDebug design simplifies the
process of augmenting existing middleware with a debugging service. As a middleware extension,
it can leverage the security and authentication services provided by the grid middleware. Thus,
GridDebug does not need to provide security-related functions such as user identification and
authorization. More importantly, GridDebug does not require changes to the grid security policy
in place, which is important since each grid site may have particular security requirements.

By design, GridDebug utilizes existing source-level debuggers, for example, GDB [12], as
its debug back-end. These debuggers are well-proven tools and the result of much research and
development. The merits of utilizing an existing debugger far outweigh the advantages of building
a new source-level debugger. The GridDebug framework encapsulates its functionality in the form
of a debug library. It provides the specification and implementation of a standard set of application
programming interface (API) suitable for debugging and testing computational grid applications.
The API methods can be used within a grid-level debugger or other development tools that require
these functions.

GridDebug also provides a remote debugging feature that is appropriate for grid application
development. This feature allows developers to debug applications running on distributed grid
resources. It has been designed as a solution to address issues such as job scheduling and access
restrictions across a hierarchy of resources.

2.1.1. GridDebug components. GridDebug is not designed as a stand-alone monolithic program
but rather as component-based software, which simplifies adding its services to existing grid
middleware. Specifically, it consists of four main components, which include a debug client, an
interface to grid middleware, a debug library, and a debug back-end wrapper. Figure 2 shows the
components and the overall architecture in relation to the grid middleware.

e Debug Client. A developer utilizes the debugging service by using a debug client. The client
can be written and customized to accommodate different developer requirements and interac-
tions. The client can utilize various methods in the debug API library. In addition, it can also
take advantage of services offered by the middleware such as security and notification services.

The debug client can be implemented as a simple command-line interface (CLI) program
similar to a traditional CLI debugger or as a plug-in of an IDE such as NetBeans [13] or Eclipse
[14]. Furthermore, developers can extend or write sophisticated debug clients, for example,
high-level tracers and tools for enforcing software contracts (pre and post conditions) [15].

e Middleware Compatibility Layer. GridDebug encapsulates a generic debug library as a
middleware-specific extension. This encapsulation is provided by the middleware compati-
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Figure 2. GridDebug architecture.
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bility layer. It is essentially a grid middleware plug-in that wraps and exposes the debug library
as a grid debugging service. This component acts as a translator between middleware-specific
and generic debug interface. The layer is written according to the extension mechanism of
the middleware. For example, with the OGSA-based middleware, the compatibility layer is
implemented as a grid service that needs to be deployed into a service container.

e Debug API Library. The main component of the GridDebug framework is a debug library
with a well-defined debug API. The library provides an abstraction of various debugging
operations and it has been devised to be modular and independent of the grid middleware and
the debug back-end. This design provides a solution to the lack of standards for debugging in
the domain of grid software development. The debug library could be adopted as a standard
of grid debugging APIL.

The API defines a generic debug model and a collection of methods and objects for grid
application debugging. The API includes, for example, methods to define process sets, to
create/delete breakpoints, and to control the execution of programs. The API is discussed in
more detail in Section 2.1.2.

e Debug Back-End. GridDebug leverages well-proven traditional debuggers as its debug back-
end. These debuggers, for example GDB [12], are widely used development tools and they
work with a variety of computer architectures and operating systems. The debug back-end is
the component that performs the actual low-level debug operations as defined by the debug
API. The API itself is generic and independent of the debug back-end. Thus, a different
source-level debugger, for example Intel Debugger [16], can be utilized by implementing an
interface to the debug library, without changing the API method signatures.

2.1.2. GridDebug API. The GridDebug API specifies a debug model, methods, and data structures
using an object-oriented paradigm. Classes are defined to represent entities such as processes,
breakpoints, and events. This object-oriented approach has several advantages such as modularity,
encapsulation, and abstraction [17]. In addition, through class inheritance, the debug model and
API can be extended to provide more specialized functions.

The GridDebug API is accessed through a DebugSession object which represents a single
debugging session for a user. It simplifies API access by encompassing all debugging activities
for an application into a single addressable entity. A DebugSession object comprises a number of
smaller and specialized objects. The components of the debug API library are depicted conceptually
in Figure 3 and they are described as follows:

e DebugEventManager. In response to program errors or events, a debugger may issue asyn-
chronous messages, such as when a breakpoint event or a program runtime error occurs.
To handle these messages, the GridDebug API employs a class, DebugEventManager, which
provides an event queue with appropriate retrieval methods. The debug client needs to check
the event queue at regular intervals to retrieve debug messages and output; and responds
accordingly. Alternatively, if the grid middleware supports a notification service, the client can
be notified of any messages from the debug library. This event-based mechanism leads to an
abstract and minimal coupling between interdependent components [18]. The event producers
(debug back-ends) need not assume anything about the event observers (debug clients).

e DebugConfig. The GridDebug API provides a class, DebugConfig, to store debugger config-
uration parameters. It allows developers to query or alter the general behaviour of the API
to accommodate different debugging task requirements. The configuration operations can be
performed by invoking various DebugConfig methods.

e RemoteDebugManager. Remote debugging is a necessary feature for grid application develop-
ment due to the distributed nature of grid infrastructure. The GridDebug API employs a class,
RemoteDebugManager, as an abstraction layer that manages and encapsulates all network-
related operations. It relieves the debug client from the low-level details of the communication
protocols. This feature allows a remote debugger such as GDB/GDBServer [12] to be utilized
as the back-end debug engine. Section 2.1.3 discusses the GridDebug remote debugging
mechanism in greater detail.
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Figure 3. Components of the debug API library.

e [Debugger. The interface between the debug library and the back-end debugger is provided by
a class, IDebugger. It encapsulates the underlying debugger operations into a set of GridDebug
API methods. This abstraction class contributes to the modular design of the GridDebug frame-
work. A new back-end debugger can be utilized by extending and modifying the IDebugger
class without altering the rest of the GridDebug API library.

2.1.3. Grid remote debugging. In a typical grid environment, program execution is managed by
a local queue manager (for example, PBS [19], LSF [20], and SGE [21]), which schedules jobs
according to criteria such as resource availability and processor load. This batch processing scenario
makes it difficult to debug an application interactively because the time when the scheduler actually
starts program execution cannot be easily determined. As a result, it is necessary to employ
ad hoc techniques such as polling the scheduler regularly to check whether the application has
been started, and then manually attaching a debugger to the process. In a grid, this process might
need to be repeated across multiple resources, possibly using different local schedulers, making
the technique cumbersome and error prone.

In addition to the job scheduling issue, there is another complicating matter. Many grid testbeds
are actually built from distributed clusters, consisting of a front-end machine and multiple back-end
processor nodes. These back-end nodes are usually only accessible from the front-end, which may
in turn be behind a gateway server or a firewall. Thus, debugging an application running on the
execution nodes of a cluster may require access to a hierarchy of intermediate computers. However,
depending on the grid security policy in place, a grid user may not have direct access to all of
these machines, again complicating debugging.

As a solution to address these issues, GridDebug utilizes a callback mechanism for grid remote
debugging. GridDebug employs a small auxiliary program whose sole purpose is to contact the
debug back-end; and act as a transparent proxy for input and output streams of the debugged appli-
cation. In this mechanism, it is the debugger that waits for a callback connection from the debugged
application. This mechanism also adds another layer of security since the debugging activity is
initiated by the application rather than by the programmer, thus a user cannot debug another user’s
processes. An illustration of this remote debugging mechanism is depicted in Figure 4.

2.2. Worgbench

Worgbench is an integrated and modular framework that links IDEs with grid middleware for
e-Science application development. It provides various services (packaging, launching, and editing)
that correspond to the stages in the implementation phase of a software development life cycle.
Worgbench provides an infrastructure that isolates the development services from both the grid
middleware and the IDEs. As a result, the system becomes very generic, and its adaptation to
particular client scenarios or requirements only requires the creation of appropriate customized
modules.
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Figure 5. Key components in Worgbench.

Worgbench consists of core components and a set of modules, or plug-ins, that implement the
interfaces to various middleware and IDEs. The framework links an IDE to grid middleware in a
three-tier model as depicted in Figure 1. This three-tier model ensures flexibility and modularity. It
allows the aggregation of grid resources with different architectures and middleware into a single
grid environment or testbed accessible from the programmer’s preferred IDE.

The Worgbench design is generic and it can accommodate and support other client applications
besides IDEs, as long as they implement the necessary communication interface. This opens up
possibilities for a wide range of user interactions with Worgbench. For example, a web browser
with a Java applet or an Ajax user interface library [22] can be used to access Worgbench. This
provides an accessible and ubiquitous platform similar to a grid portal for developing grid software.
Alternatively, a program with a CLI can also be implemented to utilize Worgbench services,
delivering a suite of small specific utilities comparable to a Unix shell. This shell could provide a
versatile and powerful environment for grid programmers.

2.2.1. Worgbench components. Worgbench is decomposed into a number of smaller components
that result in more manageable software where each part can be replaced with minimal effect to
the system. These components are depicted in Figure 5.

e Connection Interface. The interface handles the connection from the IDE and other clients
to the framework. Each interface handles one particular type of communication protocol,
for example, SOAP [23] or XML-RPC [24]. The connection interface provides a clean and
well-defined abstraction layer that allows Worgbench to support various IDEs and clients.

e Code Repository. Worgbench functions, for example, compiling and deploying an application
on grid resources, require access to the application’s project. Worgbench employs a code
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repository to manage and store the contents and metadata details of application projects. The
code repository enables Worgbench services to perform ‘offline’ or unattended operations
with the projects on users’ behalf. For example, executing automatic builds or test harnesses.

e Development Manager. The manager coordinates the interactions of various Worgbench
components. It specifies bindings and mechanisms that allow the components to communi-
cate with one another. Thus, it allows a component to be replaced or extended, provided
that it adheres to the specified interface. The manager is the application logic component of
Worgbench and it is also responsible for managing various entities such as users, projects,
resources, and resource groups. The relationships between entities are defined by a Worgbench
system model, which is discussed in Section 2.2.2.

e Database. Worgbench requires a storage server to save the system state. This function is
provided by the database component that stores information, for example, user passwords and
security certificates for accessing grid resources; projects and sessions configurations; and
details of application executions.

e Development Services. Worgbench services offer APIs and methods, that are isolated and
independent of the grid middleware. These generic functions are mapped to specific middle-
ware APIs or commands by the middleware adapter component. As a result, Worgbench
clients only need to target one set of interfaces to work with various middleware stacks.

The editing service provides the management of a software project, including its multiple
revisions on a local machine. The service is closely integrated with the code repository. It
allows a user to retrieve and query project files. A user can check out a local working copy
of the project, perform the necessary editing, and commit the code to the Worgbench code
repository.

The packaging service is responsible for building or compiling a grid application on remote
resources. Typically, it does this by transferring a compressed file containing source code
data and required libraries to remote machines; setting up and initializing the appropriate
directories; and executing a build script to compile the application. The service requires
the target resources to have development tools such as compilers and linkers to build the
application.

The launching service manages the execution of an application on grid resources. The service
supports two modes of execution: normal and debug. The normal mode utilizes the under-
lying grid middleware job submission tools whilst the debug mode utilizes the GridDebug
debugging service.

Worgbench services augment existing grid middleware by providing specific software
development functions that are currently not available. They are generic and middleware-
independent, providing the necessary support for grid software throughout its life cycle.

e Middleware Adapter. The middleware adapter translates generic input commands from
the framework to specific middleware commands or APIs. Each adapter handles one
particular grid middleware platform and it uses the authentication information provided
by the user such as X.509 proxy certificates or user passwords to gain access to the grid
resources. This component hides particular middleware details from Worgbench services,
and it allows the framework to support various existing and, more importantly, future grid
middleware.

2.2.2. System model. There are a number of participating ‘objects’ or entities involved in grid
application development. For example, e-Scientists or programmers; target grid resources; and
application projects. The relationships between these entities must be properly defined and under-
stood. The aim of this is to allow greater interoperability between Worgbench components or
services that work with the entities.

Worgbench maintains an internal model of the system and stores the state of various entities
such as users, projects, resources, and resource sets. A conceptual entity-relationship diagram of
the model is shown in Figure 6. The diagram uses Barker’s Notation [25] to represent relationships
between entities with connecting lines and symbols that indicate the cardinality of the relationship.
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Figure 6. System model of Worgbench.

For example, the figure shows that a user can have many references to projects but a project
is owned or can only be referenced by one user. We believe that the Worgbench system model
depicted in Figure 6 is representative of common grid application development scenarios. There
are seven model entities that are described below, followed by the discussion on the Worgbench
system model.

e Resource. It represents a distinct machine or resource in the framework. It keeps general and
system-specific information of a resource, for example, host name, machine type, network
address, and resource description.

e User. The system model revolves around a User entity. It represents one distinct user of the
Worgbench framework. The entity stores the user details and the Worgbench authentication
information.

e UserResource. This entity represents a machine or resource for a specific user. It keeps a
reference to a Resource entity and stores user-specific information such as the account user
name for accessing the machine and the corresponding password credential.

e UserProject. The application development project for a user is represented by the UserProject
entity. It stores a data object containing all of the necessary files for a development project such
as header and source code files. The model allows a user to maintain multiple independent
projects.

e UserResourceSet. Grid users may want to group some resources to form a collection or a
resource set. This set is represented by the UserResourceSet entity. It maintains a collection
of membership references to various UserResource entities.

e UserSession. A UserSession entity represents a development session for a user. It is defined as
a programming session where a user develops an application in one UserProject to be tested
and executed on one UserResourceSet.

e UserTask. It represents a remote operation invoked with a UserSession entity. For example,
in a particular development session, a user invokes a software build or compilation. This
operation is represented by a UserTask entity that can be inspected by the user for its attributes
such as execution status and output.

The Worgbench framework distinguishes between system and user resources: the Resource and
UserResource entities, respectively. This distinction allows the framework to avoid repetition when
performing system centric operations (regardless of the resource users), such as testing for network
connectivity or replacing the SSH host certificates.

The UserProject entity allows grid programmers and e-Scientists to group related development
files into one self-contained data object. This simplifies the management of source files and their
deployment on grid resources. Additionally, resources can be grouped together into a set (the
UserResourceSet entity). It allows a Worgbench user to invoke a development function on a set
and let the framework to perform the actual operations on individual resources. This mechanism
streamlines application development on multiple grid resources.
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The process of developing a grid software project on a resource set is encapsulated by the
UserSession entity. It holds references to UserProject and UserResourceSet entities. The entity
provides a clear and definite linkage between the software and the target platform; and allows
Worgbench services to perform operations on users’ behalf unambiguously. Various methods
of Worgbench development services work with a UserSession entity and they operate using its
project and its resource set. The invocation of a Worgbench service method is represented by
the UserTask entity, which stores various information such as the time, status, output, and target
destination of the execution. It allows users to inspect deferred or long-running grid operations at a
later time.

2.3. Remote development tools

RDT are a set of modules and a user-level framework that augment an IDE for grid application
development. While traditional IDEs provide sufficient programming tools for building grid soft-
ware, they are often designed and implemented for a single platform, namely, the local machine
where the IDEs run. Thus, various programming tasks such as compilation, project management,
and unit testing; may become cumbersome and complicated for grid infrastructure that contains
a large number of different resource types. RDT offers new features that simplify and improve
various IDE functions for grid application development.

RDT provides a runtime programmable framework with a system model, API, and an event
mechanism. It allows developers to automate a variety of programming activities that become
tedious if performed manually. The remote launching mechanism allows application execution on
multiple remote targets simultaneously and transparently.

RDT is not a replacement for an integrated development environment, rather, it is designed as an
extension to an IDE. It utilizes and extends standard functions of the host IDE such as integrated
code editing, project management, file/folder browsing, and so forth. It leverages GridDebug and
Worgbench services for the low-level grid development functions. RDT has a high-level, IDE-
independent, design and architecture. As a result, it can be integrated with modern extensible IDEs
such as NetBeans [13] or Eclipse [14].

The architecture of RDT is depicted in Figure 7. It consists of two software layers: user
interface (UI) and non-user interface layers. The layer division ensures modularity and simplifies
the integration of RDT into an IDE [26]. The user interface layer can be customized according to
the base IDE while retaining the principal non-UI part.

2.3.1. RDT framework. IDEs are mainly concerned with software projects, folders, and files as
opposed to target resources. Thus, the process of developing, executing, and debugging grid
applications over a large number of heterogeneous resources becomes cumbersome. To alleviate
this problem, RDT introduces several improvements.
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Figure 7. RDT architecture overview.
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First, RDT extends the conventional IDE model to include grid resources and resource sets as
first-class objects similar to files, folders, and projects in the IDE. It allows developers to inspect
and manage the target platforms from the IDE. More importantly, the model ties the application
development process to the composition of the grid environment itself. It allows RDT to recognize
the relationship that exists between software projects and various grid resources; and perform
operations or automation scripts based on this association.

Second, RDT provides a runtime programmable facility that allows the IDE to be scripted during
its execution. Modern IDEs often provide extension points and mechanism that allow them to be
extended through plug-ins. However, these plug-ins are normally static and are loaded when the
IDE starts execution. In contrast, RDT allows developers to call or change the functionality of the
grid IDE during runtime. Thus, in addition to the common point-and-click interaction, developers
can write scripts to interact and drive the IDE.

While these ideas are valuable even for conventional software development, we believe that
they are particularly effective for grid software development, because they automate processes that
would not scale as the number of target platforms increases. The rest of this section describes the
framework components in detail.

e Entity Manager. The RDT framework maintains an extended IDE model that is based on
the Worgbench design (Section 2.2.2) since it is comprehensive and adequate to represent
common grid application development scenarios in the IDE. The administration of RDT
entities are handled by various entity managers. Managers provide RDT users with single
access points that simplify the management and coordination of entities across the system.
They communicate with various Worgbench services and act as translators between Worgbench
and RDT system models.

e Metadata Manager. The system model allows the framework to recognize the relationship

between various entities. However, it does not specify the semantics of the relationship. As a
solution, RDT employs a tagging system that allows metadata information to be attached to
RDT entities. A tag is a relevant keyword or term associated with or assigned to an entity,
thus describing the item and enabling keyword-based classification of information [27].
For example, a Linux machine can be tagged with 1686 kernel-2.6.20 smp
development-machine condorpool or a Sun workstation can be tagged with sun
sparc solaris globus.
This system-wide tagging system facilitates the sharing of metadata between various entities.
As a result, it can perform development tasks on a user’s behalf based on the semantic
information. For example, RDT can be instructed to automatically group or add all resources
tagged with ubuntu or redhat into a 1inux resource set.

e Event Manager. IDEs employ an event mechanism for certain functions. For example, the
editor can be instructed to highlight a particular line of code when a breakpoint-hit event
occurs or the compiler can be set to build a project when a source file is saved.

Similarly, RDT provides an event manager with user-defined callback methods. This mech-
anism offers automations that can lead to improvements in the process of grid application
development. For example, a user can write custom methods that perform various checks and
operations when specific events occur. As an illustration: a warning can be displayed when a
grid resource tagged with windows is added to a unix resource set; source files that need to be
updated are highlighted when a new grid resource is added to an experimental test bed
set; and so forth.

e RDT API. The RDT framework defines a set of API methods that allow programmers to write
scripts which utilize RDT entities and perform various IDE functions. It offers a collection of
methods that provides support for all common operations to create, delete, query, and access
RDT entities. In addition, it also offers methods to invoke and call a variety of IDE functions
such as file manipulation, project management, and application launching.

RDT scripts can be coded to automate and repeat many tedious grid programming tasks, such
as software compilation and unit testing, across a variety of resources. Thus, this automation
simplifies grid application development for a large number of target platforms efficiently, a
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process that is significantly more complex than when software is developed for a single plat-
form. Moreover, scripting allows the user to tailor these functions for variations in particular
grid infrastructure.

2.3.2. Remote launching support. A conventional IDE normally has a single machine perspective,
where the launching machine is the same as the development one. A launching machine can be
defined as the node on which applications are being executed or debugged. A development machine
is the computer that runs the IDE and acts as an interface to programmers. This single machine
perspective is inadequate in the grid where multiple machines may be involved in the development
process.

RDT extends the launching mechanism of the IDE to handle multiple remote machines. It
leverages Worgbench services and together they act as a proxy for these machines. They trans-
parently copy source code files from the IDE to the launching nodes and build the applications.
They also transparently pass input/output of the compilation, execution, and debugging opera-
tions. The remote launching support of RDT allows grid programmers to compile, run, and test
applications on a number of heterogeneous resources at the same time. This mechanism is more
efficient compared with manually transferring the source files and executing the applications on
each individual resource. More importantly, the whole process is transparent and seamless to the
programmers.

3. SYSTEM IMPLEMENTATION

This section presents the prototype implementation of ISENGARD. We describe the implementation
details of the GridDebug framework in Section 3.1, followed by the details of Worgbench in
Section 3.2 and RDT in Section 3.3.

3.1. GridDebug implementation

We have developed and implemented GridDebug using a number of popular software toolkits:
WSREF [28, 29], Globus Toolkit 4 [30—32], and GDB/GDBServer [12]. The main debug API library
is implemented in Java, which provides an architecture neutral and portable programming language.
We have also implemented a number of debug clients in various languages such as Python, Ruby,
and Java. Figure 8 gives an overview of GridDebug components and the implementation. The design
of GridDebug is generic and modular. Thus, it is possible to utilize other grid middleware and
debug back-ends without any significant changes. The implementation of GridDebug is described
in greater detail in the following three sections.
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Figure 8. GridDebug implementation overview.
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3.1.1. Middleware service. The GridDebug service is a WSRF web service that is hosted by
the Globus Toolkit 4 WSRF container. The service wraps the middleware-independent debug
library and exposes its functionality to WSRF-compatible or GT4 client tools. The service trans-
lates GT4 specific API calls and objects to the generic GridDebug counterparts. GridDebug has
been designed to leverage common and standard grid services, for example, security, notifi-
cation, and execution services. Both client-side and server-side implementations utilize various
GT4 services and development libraries such as WS-Notification, WS GRAM, and Grid Security
Infrastructure (GSI).

The event notification including the application input/output mechanism is handled by WS-
Notification while WS GRAM provides the necessary service to invoke the application and the
back-end debugger. The security mechanism for message transport and authentication is provided
by the GT4 GSI. By leveraging these services, existing GT4 client tools can utilize GridDebug func-
tionality without extensive modifications. More importantly, GridDebug does not require changes
to the grid security policy in place.

The GridDebug debugging service has been implemented using a design pattern known as
the factory/instance pattern [32]. It allows the service to handle and manage multiple debugging
sessions invoked by a number of developers. The design pattern implementation of the service
consists of four major components, namely DebugResource, DebugResourceHome, DebugFacto-
ryService, and DebugService; and they are described as follows:

e The DebugResource is a WSRF resource that holds state information of a debugging session
for an individual authorized user. It is the interface to the debug library and the underlying
debug back-end. The DebugResource stores the actual DebugSession object (Section 2.1.2)
and event information. Each DebugResource has a unique key to distinguish between different
debugging sessions.

e The DebugResourceHome is a singleton entity that manages DebugResource instances. It
maintains the key/object mapping information for DebugResource instances. The DebugRe-
sourceHome is used by the DebugFactoryService to create new resources. It is also utilized
by the DebugService to find a resource with a given key.

e The DebugFactoryService is a web service that provides users with an interface to create and
initialize new DebugResources. It returns an endpoint reference (EPR) to a DebugResource
with its unique key. A GridDebug client performs various debugging operations using the
EPR and the DebugService.

e The DebugService is a web service that provides an access point for invoking debugging
operations on a DebugResource. It maps web service invocations to GridDebug API on a
particular DebugResource.

The relationship between the components is depicted in Figure 9 and the interaction between
the client and the GridDebug service can be outlined as follows:

1. The client initiates a debugging session, connects to the DebugFactoryService, and requests
an instance of DebugResource.

2. The DebugFactoryService utilizes the DebugResourceHome to create a new resource and
returns an EPR to the client.

3. The DebugResourceHome creates a new DebugResource and updates its mapping informa-
tion.

4. The client connects to the DebugService and requests debug operations to be invoked on a

particular resource.

The DebugService uses the DebugResourceHome to find the resource.

6. The DebugService calls the GridDebug API on the resource.

e

3.1.2. GridDebug library and API. The core debugging functionality of GridDebug is encapsulated
in a middleware-independent debug library. It provides API for common debugging operations such
as creating/deleting breakpoints, inspecting variables, and controlling program executions. The
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Figure 9. Components of GridDebug service implementation.
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Figure 10. Class diagram for GDBDebugger.

library is implemented in Java and it consists of five Java classes (Figure 3). DebugSession is the
main class that serves as an interface to the grid middleware layer. The DebugResource accesses the
debug back-end through this class. The DebugSession is an aggregator class and it holds instance
variables to the other four Java classes: IDebugger, DebugConfig, DebugEventManager,
and RemoteDebugManager.

IDebugger is the class that provides the GridDebug API specification and serves as an interface
to the debug back-end. The class defines a set of debug APIs that needs to be implemented by
the underlying debugger. The API describes methods and data structures using an object-oriented
paradigm. Various classes are defined to represent entities such as processes, breakpoints, and stack
frames.

The IDebugger specifies a set of GridDebug APIs based on the High-Performance Debugging
Forum (HPDF) standard [33,34]. The HPDF standard is the result of significant research on
an appropriate command set for a CLI debugger, and it serves as a sound base for a debug
library interface. HPDF commands, for example, load, defset, and step are implemented
as API methods. The methods follow the specification as set by the HPDF standard and
they are named according to their HPDF command counterparts. Commands such as help,
alias, and history are only peculiar to CLI tools and they are not translated into methods.
A complete list of HPDF debug commands and the discussion on their syntax and semantics
are given in [33]. The abstract methods as specified by the IDebugger must be actualized
by the debug back-end. It needs to extend the IDebugger class and provides a concrete
implementation.

3.1.3. GridDebug Back-End. The debug back-end is the software component that performs the
actual debugging operations as defined by the GridDebug API. We have developed a back-end
debugger for GridDebug by utilizing GDB and GDBServer [12] with a small alteration. The neces-
sary modification improves the debugger’s capability to handle situations where a job scheduler is
employed to execute applications. It allows GDBServer fo initiate the remote debugging connection
when it is ready to debug an application.

The GridDebug back-end is implemented by the GDBDebugger class that extends the
AbstractDebugger class, which in turn implements the IDebugger interface class. The class
diagram is shown in Figure 10. The AbstractDebugger class contains common internal data
structures and generic methods that can be used by concrete subclasses. The GDBDebugger class
is the class that translates GridDebug API, as specified by IDebugger, into GDB commands. It
utilizes the GDB/MI machine interface to communicate with GDB.
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Figure 11. Client connectors and middleware adapters.

3.2. Worgbench implementation

As discussed in Section 2.2, Worgbench provides a framework that offers an API and high-level
services that bridge between IDEs and grid middleware. It allows developers to utilize a set of grid
resources where each resource is managed by different grid middlewares. Worgbench is written in
Ruby [35] and is built on top of Rails. Rails is a full-stack framework for developing database-
backed web applications according to the Model-View-Controller pattern [36]. Worgbench can
be implemented in other languages such as Java with its web-related frameworks (servlets and
portlets). However, Rails is selected for the implementation because it is a lightweight framework
compared with the Java counterparts [37]. In addition, Rails offers several features that serve as a
sound starting point [38, 39]. The Worgbench implementation is discussed in greater detail in the
following sections.

3.2.1. Client connectors. We have implemented three client connectors for HTML pages, XML-
RPC, and SOAP protocols (Figure 11). The HTML connector implements a web portal interface
to Worgbench. This interface is beneficial since it allows users to access Worgbench functionality
using a web browser without the need to install specialized software.

The XML-RPC and SOAP connectors provide a web service interface to Worgbench services.
It allows web service clients to access and invoke Worgbench remote procedure calls. Worgbench
employs a username—password pair for authentication and a session key for authorization. The
key must be passed as an argument for every remote procedure call to Worgbench services. The
network connection can be encrypted by running Worgbench with a web server that supports
HTTPS with Secure Sockets Layer or Transport Layer Security protocol [40].

3.2.2. Grid middleware adapters. As of this writing, we have implemented adapters that allow
Worgbench users to execute applications on SSH, GT4, and UNICORE resources (Figure 11). The
GT4 adapter also supports application debugging by utilizing the GridDebug service. The adapters
use libraries and command-line tools, such as globusrun-ws and uuc, to communicate with
the back-end middleware. As an illustration, Figure 12 shows an interaction between the GT4
adapter, Globus CLI tools, and GT4 services. The GT4 adapter utilizes command-line tools, for
example, globusrun-ws for command execution, globus-url-copy for file transfer, and
gtddebugclient for application debugging.

When an operation, for example file transfer or program execution, is invoked by a user,
Worgbench spawns a non-blocking execution thread and creates a data structure entity (UserTask)
to encapsulate and represent the operation. The user can query the UserTask object for the status
and output of the operation. In addition, the user can also send program input and debugging
commands to the entity if it represents an execution or debugging operation.

3.2.3. Worgbench data structures and APIs. Worgbench defines several Rails model classes to
implement the system entities (Section 2.2.2). Figure 13 shows the model classes and their public
data members. It is an implementation-oriented diagram of Figure 6 in Section 2.2.2. The classes
have internal hashes that store attributes in the form of key/value pairs. API methods, namely
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Figure 13. Worgbench model classes.

SetAttr () and GetAttr (), can be used to assign and retrieve user-defined custom attributes.
All Worgbench API methods, with the exception of admin.GetKey (), require a session key as
a parameter. It acts as a security authorization token and it is different between users. The key is
obtained by calling the admin.GetKey () method with the user’s Worgbench login information.
The Worgbench entities can be accessed through a web portal and a set of web service APIs. By
using a web browser, a user can perform operations such as creating new resource sets; uploading a
project zip file and security certificates; and executing the application project on grid resources. The
web service APIs enable the entities to be utilized, administered, and queried programmatically.

3.2.4. Worgbench services. Worgbench implements grid development functions as web services
that are invoked through remote procedure calls. The API methods operate on a UserSession object
with its application project and resource set. Worgbench provides methods that correspond to the
engineering stages in a software development life cycle: Packaging Service, Launching Service,
and Editing Service. The API methods are listed in Table I.

The Packaging Service provides methods for transferring and compiling an application project
on a set of remote resources. In the current implementation, a user specifies the packaging/build
operation by writing a shell script. The script is then executed by the Worgbench Packaging
Service by passing it to a command-line interpreter on the remote resources. The Launching
Service provides API methods that allow a Worgbench user to execute or debug (utilizing
the GridDebug service) an application on multiple resources. The Editing Service offers a set
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Table 1. Worgbench services API methods.

Packaging service Launching service Editing service
packaging.Transfer ()launching.Run () editing.Checkout ()
packaging.Init () launching.Debug () editing.Commit ()
packaging.Build() launching.Command () editing.GetRevisions ()
packaging.Clean() editing.IsUpdated()

Worgbench

A
XML‘BPC

Eclipse Remote Development Tools

View [ Editor

Launch Core

Eclipse Plug-in Interface

Eclipse

Figure 14. Eclipse RDT and Worgbench.

of API methods for managing a software project including its multiple revisions on a user’s
computer.

3.3. RDT implementation

As introduced in Section 2.3, RDT augments the IDE through its plug-in extension mechanism and
leverages the GridDebug framework and Worgbench services for grid application development.
We have developed an implementation of RDT for Eclipse called Eclipse RDT. It is implemented
as several plug-ins written in Java that can be loaded into the IDE. For the automation facility,
the Eclipse RDT features an embedded interpreter for the Groovy programming language [41].
Developers utilize the RDT framework API and event mechanism by writing scripts and event
callback methods in Groovy. It is a dynamic object-oriented scripting language for the Java
platform. Groovy has features similar to Python, Perl, and Ruby such as dynamic typing, late
binding, reflection, and closures. In addition, it can invoke and integrate seamlessly with all existing
Java objects and libraries. The implementation of RDT is discussed in detail in the following
sections.

3.3.1. IDE integration. Eclipse RDT is implemented according to the Eclipse plug-in guidelines
[42]. It is divided into two software layers, UI and non-UI; and it consists of several Java packages.
Eclipse RDT communicates with Worgbench using the XML-RPC client connector as illustrated
in Figure 14. RDT invokes synchronous XML-RPC calls to access and utilize Worgbench services
and entities.

Eclipse defines a number of models such as IFile, [Folder, and IProject which provide abstractions
for local files, folders, and projects, respectively [43]. RDT augments this Eclipse definition by
providing other models, specifically IProject, IResource, ISet, ISession, and ITask. The IProject
model acts as a thin wrapper around the Eclipse IProject and implements the necessary data
structure as required by RDT. In the implementation, we have created these RDT models as
wrapper classes around the Worgbench entities. In addition, RDT also provides wrapper classes for
debugging-related entities such as breakpoints, stack frames, and variables. These classes function
as a translation layer between GridDebug and Eclipse-specific debug models.
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Figure 15. Eclipse RDT and its Remote Development perspective.

Eclipse has the concept of a launch configuration, which is defined as a description of how
to run or debug a program [44]. Eclipse has built-in launch configurations for launching a Java
program, an applet, or another instance of Eclipse. RDT contributes a launch configuration plug-in
that enables Eclipse to run and debug grid applications on a set of remote resources through
Worgbench Launching Service. The plug-in also utilizes the Worgbench Packaging Service to
transfer a project to the remote resources, initialize it, and build the application. In addition, the
plug-in uses various launching and debugging support systems in Eclipse, such as an application
output window, variable views, stack trace views, breakpoint markers, an editor with current line
highlighting, and so forth.

3.3.2. User interface. Eclipse RDT has its own Eclipse perspective, the Remote Development
perspective, which displays windows and editors related to grid application development. An
Eclipse perspective is a collection of related windows and views for a specific task. RDT implements
various Eclipse views that provide GUI management tools for remote resources, resource sets,
projects, sessions, and tasks. These views are organized in the Remote Development perspective.
One of the primary views is the Remote Resources view that allows programmers to create,
edit, destroy, and manage remote resources and sets. Figure 15 shows the Eclipse RDT and its
Remote Development perspective. We have also implemented an Eclipse preferences dialog for
configuring RDT settings and an Eclipse launch configuration dialog for launching remote grid
applications.

3.3.3. RDT data structures. RDT defines and implements model classes as proxies for Worgbench
entities. There are five RDT models, namely IProject, IResource, ISet, ISession, and ITask. They
have the same data members as their corresponding Worgbench entities (Section 3.2.3) with
additional data structures for RDT-specific metadata. The additional data members are used to
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store RDT tagging information. API methods, namely setTags () and getTags (), can be used
to assign and retrieve an object’s tag.

3.3.4. RDT framework API. The implementation of RDT includes an embedded interpreter for the
Groovy programming language in the Eclipse IDE. It enables developers and users to program and
customize the IDE during its runtime. The RDT APIs are implemented as Java objects and methods
that can be called and accessed directly from within Groovy scripts. In addition, built-in Eclipse
APIs including the graphical user interface widget (e.g. dialog boxes) APIs are also callable within
the Groovy scripts. There are two ways to access the framework API:

e Through a Groovy Shell view. It is a Groovy command-line interpreter that is contained in a
special Eclipse window view. It allows a programmer to evaluate Groovy expressions, invoke
methods, define classes, and run RDT scripts that alter the behaviour and functionality of the
IDE.

e Through an Eclipse event preferences window. It is an event configuration dialog where a
developer can write and save RDT scripts for event callback methods. The scripts are standard
Groovy scripts that can call and access methods in the framework API. Eclipse RDT will run
the event scripts based on the occurrence of corresponding events.

3.3.5. Event listener and callback. RDT implements an event mechanism with user-defined call-
back methods. Internally, it has an event queue, an event listener, and a collection of objects that
correlate with RDT events. RDT adds an event object to the queue at the completion of related
API methods. The event listener checks and removes the event from the queue and invokes the
corresponding user-defined callback method. A user writes the callback methods in Groovy in
the Eclipse RDT event preferences window. The callback methods have designated names such
as onFileChanged (), onProjectDestroyed (), onSetCreated (), and so forth. Built-in
Eclipse APIs, data structures, and GUI widgets can be used within the Groovy scripts. Thus, the
callback methods can display a pop-up dialog box, close Eclipse perspectives, invoke the compile
action, run an executable, and so forth based on the occurrence of RDT events.

4. RELATED WORK

In this section, we outline the related work in the area of grid debugging tools and development
environments. A comprehensive review of grid programming environments and tools deserves a
paper in its own right. Interested readers are referred to [45—48]; whereas Goscinski [49] provides
a survey of various grid deployment systems.

There are several debuggers that are designed for testing and debugging grid applications. Some
examples of them are: Portable Parallel/Distributed Debugger (p2d2) [50], the metadebugger in the
Harness framework [51], Net-dbx-G [52], the Mercury Monitoring System [53], and PDB [54].

The p2d2 is a project at the NASA Ames Research Center that developed a debugger for appli-
cations running on heterogeneous computational grids [50]. It employs a client—server architecture
and relies on GDB [12] as the low-level portable debugger. Instances of GDB communicate with a
debug server which is implemented in C++ and maintains a collection of C+4+ objects to represent
processes and stacks. The server is controlled by a graphical user interface, the debug client, which
allows users to examine the state and to control the execution of grid applications.

Harness is a metacomputing system that defines a simple but powerful architectural model to
overcome the limited flexibility of traditional distributed software frameworks [51]. It consists of
a kernel and plug-ins that provide various services for users. It is implemented in Java to leverage
the homogenous architecture, the JVM, over heterogeneous computer platforms. Harness provides
a distributed virtual machine for execution of metacomputing applications written in Java with
Remote Method Invocations. A metadebugger has been developed in the Harness framework using
the Java Platform Debug Architecture with remote debugging capability. The debugger is closely
intertwined with the framework and it cannot be used with other grid middleware.
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Net-dbx-G is a web-based debugger for Message Passing Interface (MPI) programs executing
on grid resources [52]. It uses Java applets as the user interface and GDB [12] as the back-end
debugger. It supports Globus Toolkit 2 (GT2) middleware with MPICH-G2 that provides the
MPI programming library. Debugging an application requires the executable to be compiled
with the Net-dbx-G instrumentation library. When the application is executed, an initializa-
tion method in the library notifies the debug client and spawns a child GDB process to
debug the parent process. The user then controls GDB from a web browser using the Java
applets.

The Mercury Monitoring System that is developed as part of the GridLab project is a generic
grid monitoring framework [53]. It provides support mainly for application monitoring, however,
the recent release of Mercury allows users to perform remote debugging. It employs GDB and
GDBServer [12]. GDBServer is used as the debug server on grid nodes with GDB as the user
interface on a programmer’s desktop. Debugging is performed by sending a message to the Mercury
monitoring library that is compiled into the application. The library then forks GDBServer and
instructs it to attach to the debugged process. The developer controls the debug server using GDB
from the desktop.

PDB is an implementation of the pervasive debugging approach [54]. It leverages the Xen Virtual
Machine to virtualize the system resources used by a debugged application. The virtualization
allows a user to control and to inspect the complete state of the application and the resources
including their low-level details, such as processor instructions, system timers, and thread sched-
ulers. By using Xen to virtualize grid resources, users can deterministically debug grid applications.
However, this deterministic debugging technique is difficult to attain for applications that need to
be run on a large-scale distributed system.

Different to all the debuggers described, GridDebug is designed as a debug library with high-
level API suitable for debugging grid applications. It has a layered and modular architecture that
allows it to be plugged into any grid middleware and to be used with any debug back-ends.

A number of projects have focused on providing a suitable development environment for grid
applications. Indicative examples that represent the current state of research are: P-GRADE,
g-Eclipse, GDT, and Introduce.

Parallel Grid Runtime and Application Development Environment (P-GRADE) [55] from MTA
SZTAKI in Hungary provides a high-level graphical environment to develop parallel applications
for parallel systems and grid. The aim of P-GRADE is to hide the low-level details of parallel APIs
from programmers by generating the necessary application code according to the actual execution
platforms. P-GRADE supports several APIs: Parallel Virtual Machine [56], MPI [57, 58], and Grid
Application Toolkit [59].

The g-Eclipse [60, 61] project aims to build an integrated workbench tool for grid computing
on top of the Eclipse IDE. It is developed by a collaboration of several European universities
under the g-Eclipse consortium. g-Eclipse offers a user-friendly development environment for grid
programmers by hiding the complexity of grid infrastructure. Its architecture has been designed to
be extensible and reusable with well-defined interfaces. It supports several grid middleware such
as gLite [62] and GRIA [63]. In addition, g-Eclipse can also be used to manage and access cloud
computing resources such as Amazon Web Services [64].

Grid Development Tools (GDT) [65, 66] is a set of Eclipse IDE plug-ins for service-oriented grid
application development. It is part of the Marburg Ad hoc Grid Environment, which is a WSRF-
compliant grid middleware solution developed in the University of Marburg in Germany. GDT is
targeted at non-grid programmers and it allows them to rapidly develop grid applications without
knowing the intricacies of the middleware. GDT follows a model-driven approach [67-69] by
dividing the development process into three separate model layers and automatically transforming
models from one layer into the other.

Introduce [70] is an open-source extensible toolkit that provides tools and an environment for
the development and deployment of strongly typed, secure grid services. These services consume
and produce data with explicit and well-defined types. It enables syntactic interoperability among
grid services. Introduce leverages Globus Toolkit 4 as the underlying grid middleware to facilitate
the development of WSRF-compliant services.
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These grid IDEs mitigate some of the issues associated with grid application development.
They provide tools and functions which are specifically suited for grid computing. The majority of
them are implemented by extending traditional IDEs such as Eclipse and NetBeans. As a result,
these grid IDEs simplify the transition from non-grid to grid programming for developers who are
already proficient with the traditional counterparts. Nevertheless, with the possibility of a large
number of compute nodes being used to run grid software, it is necessary to have a facility that
can automate a variety of programming activities such as compilation, project management, and
unit testing. These tasks may become tedious and error prone to perform manually as the number
of target grid resources increases.

The survey of grid IDEs also shows that they are mostly monolithic development tools and are
built around a particular IDE or a particular grid middleware. Thus, programmers need to develop
grid applications with a specific IDE and middleware toolkit to gain the benefit from the tools.
In contrast to the approach taken by these tools, we believe that grid development functions can be
generalized to a modular and integrated framework which is independent of the grid middleware
and the IDE. This abstraction allows programmers to write grid applications with their preferred
IDEs targeting resources that are managed by different middleware.

5. CONCLUSION

It is difficult to measure the quality of our solution using any formal usability metrics. This is
because there is such a lack of software in this domain that it would be difficult to perform any
real comparison. Further, it is not even clear what usability metrics would be appropriate, and it
is difficult to conceive of a fair and effective testing strategy. Regardless of the difficulty, a formal
usability study is certainly required to improve ISENGARD to better suit the needs of users and
e-Scientists. We are preparing a usability study and a report as a follow up to this paper.

We have utilized GridDebug, Worgbench, and RDT in case studies that reflect common situations
faced by grid software developers and users. The case studies are concerned with a small Jacobi
method application and a substantial software package for molecular dynamics simulation, called
GROMACS [71], consisting of approximately 300 000 lines of C code across 700 source files. To
perform the case studies, we have developed a grid testbed that consists of various resources within
several administrative domains. The resource details are given in Table II. In the case studies, we
conducted various development activities such as editing and compiling source files; executing
and debugging the compiled applications. Detailed treatment of the case studies including the
testbed environment is given in [72]. The case studies demonstrate that the ISENGARD software
infrastructure can be used with a large-scale project such as GROMACS. It helped us with various,
otherwise laborious operations, such as manually copying the files to multiple resources and logging
into the nodes to execute the application. The proof-of-concept implementations provide workable
solutions to the problems and challenges identified in Section 1.

To conclude, we have designed and developed an innovative software infrastructure for
supporting e-Science and grid application development. The infrastructure consists of a modular
collection of ‘pluggable’ grid development tools as opposed to a single monolithic system. It
consists of a middleware service, a modular grid development framework, and a programmable
IDE framework. We identify and present several significant outcomes and conclusions in this paper:

e [Increasing the scalability of the development process. ISENGARD provides high-level abstrac-
tions and services that can perform development tasks on behalf of programmers across a
number of grid resources, rather than requiring the users to perform the tasks manually for
each individual machine.

GridDebug is designed as component-based software rather than a stand-alone mono-
lithic program; and it utilizes a callback mechanism for grid remote debugging. This design
allows sophisticated debug clients to be written that handle grid debugging on multiple
remote resources. It helps programmers avoid ad hoc techniques such as polling the scheduler
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regularly to check whether the application has started and manually attaching a debugger
to the process. GridDebug allows programmers to perform grid debugging in effective and
efficient manners. The Worgbench system model formalizes the entities and helps the users
to manage and utilize them. In addition, the client—server design of Worgbench allows it to
perform ‘off-line’ or unattended operations with the projects on users’ behalf. For example,
executing automatic builds or test harnesses on distributed resources.

RDT offers a runtime programmable facility that allows the IDE to be scripted during its
execution. RDT scripts can be coded to automate and repeat many tedious grid programming
tasks, such as software compilation and unit testing, across a variety of resources. Thus, this
automation simplifies grid application development for a large number of target platforms
efficiently, a process which is significantly more complex than when software is developed for
a single platform. Moreover, scripting allows the user to tailor these functions for variations
in particular grid infrastructure.

e Addressing the issues of heterogeneity. The ISENGARD infrastructure provides adapters,
connectors, and plug-ins that can operate with a variety of grid tools and systems. More
importantly, its versatile design allows the infrastructure to support future grid software.

GridDebug provides a set of API methods that abstracts the debug back-ends from the
application developers and it presents uniform access to debugging and testing functions.

Similarly, Worgbench provides application development services for building, testing,
managing, and deploying grid-enabled software on resources managed by different grid middle-
ware stacks. Worgbench presents a unified view of the underlying services to the developers.

RDT with its framework and plug-in system enables traditional IDEs to be used for
grid application development. It does not necessitate a particular development environ-
ment to be used.

e Proposing a solution to the lack of standards. ISENGARD components such as GridDebug,
Worgbench, and RDT, provide API methods and services that cover a wide range of program-
ming functions. These functions correspond to the stages in the implementation phase of a
software development life cycle. We believe that the APIs could be adopted as open standards
of grid development services that can work with various tools and libraries.

In addition, ISENGARD components are modular and extensible; and they can
accommodate various IDEs, grid middleware stacks, and debug back-ends. Thus, this
design increases the level of compatibility and interoperability between ISENGARD and
other grid tools nd systems.

e Providing user-friendly yet powerful programming tools. RDT extends traditional IDEs to
work with remote and distributed grid resources. It lowers the barrier to entry for programmers
accustomed to traditional application development by providing a familiar and intuitive grid
programming environment.

Alternatively, Worgbench provides a client connector that allows high-level functions to be
accessed through a web browser without the need to install specialized software. The web
portal enables users and e-Scientists to easily access grid resources for program execution
and aggregate experiment results and information into a single web interface.

GridDebug simplifies grid application debugging by handling complex issues such as job
scheduling and access restrictions across a hierarchy of resources.

In addition to being user-friendly and easy to use, ISENGARD components also come with
a rich collection of API and access methods that provide flexible and powerful mechanisms
to utilize the grid development services.
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