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Abstract

In recent years, advances in computer technologies have enabled scientists to
explore research issues in their domain at scales greater and finer than ever before.
The availability of efficient data collection and analysis tools presents researchers
with vast opportunities to process heterogeneous data within a distributed
environment. To support the opportunities enabled by massive computation, a
suitable scientific workflow system is needed to help the users to manage data and
programs, and to design reusable procedures of scientific experimental tasks.

In this paper, the design and prototype implementation of a scientific
workflow infrastructure, called Grid-Flow, is presented. Grid-Flow assists
researchers in specifying scientific experiments using a Petri Net-based [47]
interface. The Grid-Flow infrastructure is designed as a Service Oriented
Architecture (SOA) with multi-layer component models. The contributions of
Grid-Flow are as follows: 1) a new, light-weight, programmable Grid workflow
language, Grid Flow Description Language (GFDL), is provided to describe the
workflow process in a Grid environment; 2) a Petri Net-based user interface,
based on the Generic Modeling Environment (GME) [40], is demonstrated to help
the user design the workflow process with a Petri Net model; and 3) a program
integration component of the Grid-Flow system is presented to integrate all
possible programs into the system.

Keywords: Workflow management system, Grid computing, Grid workflow
system, Petri Net model

1. Introduction
Advances of computing technologies in recent years have enabled scientists to explore

research issues in their areas at scales greater and finer than ever before. Facing the emerging
powerful and effective data analysis tools enabled by new technologies, researchers in many

scientific fields (for example, systematic biology, cheminformatics, climatology, and astronomy)
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require a problem solving environment that can utilize the distributed data and computing
resources, orchestrate the data analysis tools crossing various platforms, and collaborate efforts
from each participant of a data/computation intensive applications. To satisfy this demand, two
emerging computer technol ogies, workflow management [57] and Grid computing [6], cooperate
to provide a promising solution of a distributed, collaborative workflow system, which is
denoted as “ Grid workflow system.”

According to the definition from the Workflow Management Codition (WfMC) [57], a
workflow is “The automation of a business process, in whole or parts, where documents,
information or tasks are passed from one participant to another to be processed, according to a
set of procedural rules.” The definition of workflow in a scientific area may differ slightly from
the above definition because of the emphasis on scientific data and analysis processes, compared
to the business process influence of the quoted definition. However, the essential characteristics
of a computer workflow process are common across each definition; that is, a computer
workflow is a procedure that applies a specific computation (process) on selected data according
to certain rules. Because the data and computing may be dispersed in a physically distributed
environment, the workflow management system needs a mechanism to handle the data transfer
issue and invoke the computational tools over a distributed and heterogeneous platform. This
mechanism is exactly the goa that Grid computing technology works to achieve in scientific
environments. Grid computing technology satisfies the requirement by providing a new
computing infrastructure for large-scale resource sharing and distributed system integration. A
Grid, according to the definition in [24], is a system that “coordinates resources that are not
subject to centralized control using standard, open, general-purpose protocols and interfaces to

deliver nontrivial qualities of services.” Based on the services provided by Grid computing, a



Grid workflow system can support workflow definition (including process, resource, program
defining), workflow execution, and workflow monitoring or administration over a set of
dispersed data and computing resources.

Although a set of candidate features may be able to distinguish a Grid workflow system,
there are only three major issues of a Grid workflow system that can identify the system and
decide the system performance. These three issues are the model used to describe a workflow
process, the language conveying the process definition, and the mechanism to integrate data and
computing resources in a distributed environment. Most of the current Grid workflow systems,
like UNICORE [22], Symphony [43], Kepler [2], GridAnt [38], Pegasus [20], GridFlow [10],
and Triana [49], use directed acyclic graphs (DAG) as a modeling language to describe the
workflow process in a graphical model. Although a DAG is intuitive for constructing process
descriptions and easy to comprehend, it has several drawbacks. First, aDAG has limitations with
respect to modeling power. Because there is no cyclical circuit in a DAG, it is hard to express
explicitly the loop patterns in a DAG model. Secondly, a DAG model cannot express process
state information. Because of these limitations, Grid workflow users have difficulty monitoring
the execution of a process with aDAG model. To avoid such drawbacks, the Petri Net model [47]
has been applied in several recent Grid workflow systems, such as, the workflow systems
presented in [34] and [58]. Compared with a DAG, a Petri Net model has more powerful
modeling capabilities. Some extended Petri Net models have equivalent computational power to
a Turing Machine [47]. Furthermore, a Petri Net model employs “places’ to represent the status
of aworkflow process, which facilitate users' monitoring of the process execution.

Although a graphical model greatly eases the description of a complex workflow process for

users, it can hardly be accepted as a complete process definition by the Grid workflow engine,



which is the executor of the workflow process. The reasons can be summarized as the following
two points. First, compared with its ability on describing control flows, a graphical model lacks
capability to elaborate the meta information about data and computing resources. Those “meta
information” are crucial for the workflow engine to construct the references to the resources.
Secondly, the typical workflow engines are usually designed to process the text-based languages
instead of the graphical models, since the designers have limited exposure to the knowledge of
the emerging Model-Integrated Computing (MIC) technology [40]. Thus, most of the workflow
engines, such as Triana [49], Taverna [46], and Ptollemy Il [48], have architectures similar to
traditional compiler, which is not suitable to directly process graphical models. A workflow
language is designed to bridge the gap between the graphical model and the Grid workflow
engine. The magjor functions of workflow language are as follows. 1) recording the meta
information about the data and computing resources, and 2) conveying the workflow process
definition. An interpreter is usually provided in the Grid workflow system to transform the
graphical model into a specific workflow language. Compared with a graphical model, a
workflow language is more efficient for workflow domain-specific experts.

Two workflow languages, GSFL [37] and BPEL4AWS [3], are popular choicesin current Grid
workflow systems. Both of these languages are capable of describing sophisticated data entries
and workflow processes. Each language also adopts XML [23] as a persistent storage notation.
The sophisticated description capabilities, however, also brings disadvantages to these two
languages, that is, they are too complicated to be mastered by general users of the workflow
system. It is hard, if not impossible, for an experienced user to describe even a non-trivial
workflow process and its data and computing resources directly with any of these two languages

without the help of assistant tools. Although these two languages are widely accepted as a



reference model and interface for workflow languages46,48,49], they are seldom fully
implemented for public access. Compared with these two languages, a light-weight Grid
workflow language that addresses major workflow functions well would be more preferable for
expert users. This language must be powerful enough to support general workflow patterns, as
well as agile enough to let the expert users directly write workflow definitions. Furthermore, this
language should get full support from both the graphical user interface and the workflow engine.

After design by the end user, a Grid workflow process is usualy submitted to a Grid
workflow engine, where it will be executed. The workflow engine is responsible for parsing the
process description and performing the corresponding computation on the data according to the
schedule embedded in the description. Most of the current Grid workflow systems, such as
McRunjob [29] and ScyFlow [44], base their computations on the Grid services provided by the
Grid infrastructure, which means that only predefined grid services can be used in the workflow
process. This design may limit users who may want to integrate their own tools into the
workflow system. Current workflow systems seldom provide users a useful mechanism to
integrate their data analysis tools. Thus, a Grid workflow system that can integrate all possible
tools in an improvisational manner is preferred, no matter where the tools are physically located
(for example, local computer, network environment, or even Internet).

Considering these critical issues, this paper presents the design and prototype implementation
of a scientific Grid workflow infrastructure, called Grid-Flow, which is based on the Service
Oriented Architecture (SOA) [6]. The contributions of this paper are as follows:

1 A light-weight, programmable Grid workflow language, denoted the Grid Flow

Description Language (GFDL), is provided to describe the workflow processin a Grid
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environment. This language is powerful enough to describe all types of workflow
patterns, and easy to be mastered by scientific domain experts.

A Petri Net-based user interface, based on the Generic Modeling Environment (GME)
[40], is demonstrated to help the user design a workflow process with a Petri Net
model. A model interpreter (see section 2.4 of this paper below) is implemented to
trand ate the Petri Net workflow model into GFDL.

A program integration component of the Grid-Flow system is presented to integrate
most types of tools into the system across distributed and heterogeneous platforms.
The integration component can access Grid services through a unified platform (say,
WebRun [32]), aswell as introduce the programs in the local operating system into the

workflow process as atomic activities.
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Figure1 The Grid-Flow System Ar chitecture
Figure 1 illustrates the architecture of the Grid-Flow system. The Petri Net-based user

interface provides users an integrated design environment. GFDL conveys the workflow process

definition to the Grid-Flow engine. The orchestration of distributed programs is supported by the

data and program integration components. Further details are provided in section 3 of this paper.



The rest of this paper is organized as the following. Section 2 offers a brief survey of current
Grid workflow systems, their modeling approaches, and their workflow languages. The design
and implementation issues of the Grid-Flow system are discussed in section 3. Section 4 presents
an illustrative example of a Grid-Flow system, including the design and execution details of an
illustrative bioinformatics workflow process. Section 5 offers conclusions and describes potential

future research and development of the Grid-Flow system.

2. Related Work
2.1 Grid Workflow System
Although Grid workflow systems do not have a long history when compared to other grid

technologies in the Grid computing community [58], there are, in the authors' experience, quite a
few works related to orchestrating tools in Grid environment that have been proposed and used
by researchers. The basic idea of orchestrating programs in a distributed environment can be
found first in two early projects, WebFlow [7] and Common Component Architecture (CCA)
[14]. The purpose of the WebFlow system is to provide a web-based visual programming
environment for distributed computing software. It was developed as a coordination model and
programming paradigm for the Web/Java applications. Compared with WebFlow’s emphasis on
integrating applications, CCA focuses more on composing disparate and coarse-grain high
performance components into a running application [14]. This strategy of component
composition has been inherited by many current Grid workflow systems, such as GridAnt [38],
Triana [49], Symphony [43], XCAT [36], GridFlow [10], and Ptolemy Il [48]. The strategy has
been extended to applications of composition of software modules and Web/Grid services
[10,36,38,43,48,49]. Almost al of the Grid workflow systems mentioned above have a common
characteristic, that is, they are derived from some existing flow control tools or systems and are

applied to orchestrate Grid-enabled programs or services. For example, GridAnt [38] was



developed from Ant [4], while XCAT was based on CCA [38]. Another common feature for
these Grid workflow systems is that they all provide a graphical user interface and a script-like
language for users to organize and describe the workflow process. Some other Grid workflow
systems focus on integration of programs/applications instead of components/services. These
workflow systems include P-GRADE [21], ScyFlow [44], McRunjob [29], Taverna [46],
GriPhyN [19], and Kepler [2]. From these descriptions [2,19,21,29,44,46], it is evident that these
Grid workflow systems intend to provide interoperability among various programs/applications
across heterogeneous computational platforms. Since programs/applications have more diverse
interfaces than components/services, these program-based workflow systems are more domain-
specific than those component-based workflow systems in order to limit the diversity of
integrating objects in a manageable scope. Some other resources management system and
process planning/scheduling system could also provide workflow control functionality in a Grid
environment. UNICORE [22] and Directed Acyclic Graph Manager (DAGMan) [17] offer
several good examples of such category.
2.2 Modeling Approach

The majority of Grid workflow systems adopt the Directed Acyclic Graphs (DAG) and its
variants as their approaches for workflow process modeling [2,22,43,49]. For example,
UNICORE [22] and Symphony [43] use DAG to describe the workflow process, while Kepler [2]
and Triana [49] use Directed Cyclic Graph (DCG) as their modeling methods. DAG, as well as
DCG, has limitations on its modeling abilities. Since DAG has no cycle circuitsin its moddl, it is
not applicable to explicitly express loops in a DAG. Because of this drawback, the Triana system
[49] does not explicitly support for control constructs. All of the loop controls are handled by a
specific loop component in Triana. A more powerful modeling approach, Petri Nets [47], is

gradually being introduced into Grid workflow systems to model workflow process [34,58]. A



Petri Net modeling method is applied in [34] to describe user tools and workflow schemes
developed in the Fraunhofer Resource Grid (FhRG) [27]. An extension of the Petri Net [47], D-
Petri Net, is also employed in [58] to depict the characteristics of dynamism of Grid job
scheduling.
2.3 Grid Workflow Language

Besides the above modeling approaches, the Grid workflow description can usually be
achieved by taking advantage of the scripting Grid workflow language. Web service software
industrial providers were first to present several flow control languages for web services; these
languages include Web Services Flow Language (WSFL) [42], XLANG [53], Web Services
Conversation Language (WSCL) [56], and Web Services Choreography Interface (WSCI) [5].
With the development of web services, WSFL and XLANG converged and led to a new
generation of specification language for business interaction, Business Process Execution
Language for Web Services (BPEL4AWS) [3]. BPELAWS [3] expands the Web Service
interaction model and make it applicable to depict business transactions. With the emergence of
Grid services, the Grid Services Flow Language (GSFL) [37] was proposed to address the issue
of integrating Grid services across distributed and heterogeneous platforms within the Open Grid
Services Architecture (OGSA) [26]. Both BPEL4AWS and GSFL adopt eXtensible Markup
Language (XML) [23] as their basic language format [3,37]. Most of the Grid workflow systems
also choose XML -based language as their workflow process language. For instance, Triana [49]
uses a XML based language similar to Web Services Description Language (WSDL) [12]. At the
same time, Triana can use any languages that are compatible with BPEL4WS [49]. Since no
standards have been accomodated for Grid services, the research area of Grid workflow language

is still undergoing a high rate of change and development. For example, a new Grid Workflow



Execution Language (GWEL) is proposed to reuse ideas from BPEL4WS on describing
interactions between services defined with WSDL in [15].
2.4 Generic Modeling Environment

From a modeling perspective, expressive power in software specification is often gained
from using notations and abstractions that are aligned to a specific problem domain. This can be
further enhanced when graphical representations are provided to model the domain abstractions.
In domain-specific modeling, a design engineer describes a system by constructing a visual
model using the terminology and concepts from a specific domain. Analysis can then be
performed on the model, or the model can be synthesized into an implementation [45]. Model-
Integrated Computing (MIC) has been refined over the past decade at Vanderbilt University to
assist in the creation and synthesis of complex computer-based systems [40]. A key application
areafor MIC isin those systems that have a tight integration between the computational structure
of a system and its physical configuration (e.g., embedded systems) [52]. In such systems, MIC
has been shown to be a powerful tool for providing adaptability in evolving environments [35].
The Generic Modeling Environment (GME) [40] is a domain-specific modeling tool that realizes
the principles of MIC. The GME provides meta-modeling capabilities that can be configured and
adapted from meta-level specifications (representing the modeling paradigm) that describe the

domain.

Meta-models in the GME can be instantiated to provide a domain-specific modeling
language (DSML) that is customized to the visual representation and semantics appropriate for
that domain. A DSML may have multiple interpreters associated with it that permit synthesis of
different types of artifacts. For example, one interpretation may synthesize to C++, whereas a

different interpretation may synthesize to a smulation engine or analysis tool [45]. A DSML
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raises the level of abstraction to highlight the key concerns
of the domain in a manner that is intuitive to a subject
matter expert or systems engineer, who may not be
familiar with lower-level technologies in the solution
space (such as conventional general purpose programming

languages, operating systems, and middleware platforms).

As an example of domain-specific modeling, Figure 2
illustrates a simplified Petri Net domain as implemented
in the GME. The top part of the figure defines a basic
meta-model to represent Petri Nets. This metamodel is
described in UML [8] and OCL [55] (not shown) and
defines places and transitions of a Petri Net, as well as
various semantic and visualization attributes. From this
meta-model, a new Petri Net modeling environment is

generated (bootstrapped from within the GME). The
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Figure 2 A Petri Net Domainin GME

middle of the figure defines an instance of the meta-model that represents a solution to the dining

philosopher’s problem as specified in the Petri Net modeling language.

The GME permits model interpreters to be associated with specific domains as tool plug-ins.

A model interpreter traverses the internal structure of a model and generates different artifacts

during the interpretation. The GME provides an APl for accessing the internal model structure to

permit interpreters to be written in C++ or Java. The bottom of Figure 2 symbolically represents

a generated artifact from the interpretation of the dining philosopher’s model; this artifact could

be source code, an XML representation of the model, or some other trandation. A comparison
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can be made between the metamodel and its instance to that of a programming language
definition and a particular program written in that language. The meta-model defines the schema
definition for expressing the correct syntax and semantics of instantiations, similarly, a
programming language reference manual defines the correct semantics of a program in that
language. Furthermore, a model interpreter is akin to a compiler that generates machine code
from a general programming language. Although the example in Figure 2 was chosen for
simplicity, the GME has been used to create very rich modeling environments containing
thousands of modeling components [41]. It is a core tool for several dozen research projects with

hundreds of users.

2.5 BioFlow Synopsis
BioFlow system [31] is a previous work done by this paper’s first author in cooperation with

others. Its initiation can be dated back to the early stage of the development of Internet/Grid
computing. With the support of Internet computing technology, BioFlow provides a workflow
platform for the development of high level bioinformatics applications using both local and
online resources. Using HTQL [11], BioFlow can invoke Internet programs, query information
from the web pages, as well as shield the distributive and heterogeneous details of the online
resources from the users. In addition, BioFlow system provides BioFlow language [31] to record
the “meta information” of online resources and describe the flow control of ad hoc high level
applications. Standing in the viewpoint of Grid computing, however, BioFlow has the following

limitations.
1 The prototype of the BioFlow GUI can merely support ssmple example workflow
processes instead of complicate workflow patterns that arise from real world

applications.
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2. BioFlow directly accesses the web pages for submitting jobs to the Internet programs,
rather than employing web or Grid services.

3. BioFlow was not capable of tailoring itself in response to the rapid change of the
Internet programs. Thus, the quality of the target Internet programs cannot be
guaranteed.

On the other hand, the architecture and the BioFlow language [31] are well designed and
flexible to accomodate the development of Grid computing technology. Hence the Grid-Flow
system adapts and extends its architecture based on BioFlow architecture. The syntax and
grammar of BioFlow language are also reused to develop GFDL in Grid-Flow system. Based on

BioFlow system, the Grid-Flow system will make the following improvements.

1 Grid-Flow system will provide a user-friendly interface based on Petri Net modeling
approach.
2. Grid-Flow system will adapt the program integration component to support web and
grid services. The program integration component will be based on WebRun [32].
3. Grid-Flow System
This section introduces the overal Grid-Flow system, including descriptions of the Grid-
Flow system architecture, the Grid-Flow language, the graphical user interface, the Grid-Flow
engine, and the grid-enabled data and program integration sub-system.
3.1 System Architecture
The Grid-Flow architecture (as shown in Figure 1) is adapted and extended based on the
BioFlow system architecture presented in [31]. This architecture can be categorized into three
layers. the Petri Net-based user interface, the Grid-Flow Engine, and the Grid-enabled data and

program integration framework. The Petri Net-based user interface, implemented within a
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graphical modeling environment, can help users design the workflow via a graphical editor,
trandate the workflow specification into the Grid-Flow Description Language (GFDL), and
monitor the execution of the workflow process. The GFDL, which conveys the specifications of
workflow processes, acts as a bridge connecting the Petri Net models with the Grid-Flow engine.
The Grid-flow engine layer is responsible for interpreting user-defined workflow process and
responding to users' monitoring. More importantly, it coordinates the activities and execution of
user workflow using appropriate services provided by the layer of Grid-enabled data and
program integration. The data and program integration layer of the system infrastructure plays
the basic and critical role of interconnecting distributed computing resources in the whole system.
To simplify its descriptions, the data and program integration layer can be divided into two
components. The data integration component can access various data sources with heterogeneous
data formats and perform the transformation. The program integration component, the other part
in this layer, is based on the WebRun system [32], a unified platform that invokes remote
programs via Grid computing technol ogy.
3.2 Grid-Flow Description Language

The Grid-Flow Description Language (GFDL), a mgor part of this work, is a declarative
workflow language that is used to describe the data, programs, and processes in the Grid-Flow
system. GFDL supports two principal types of sentences. resource registration and process
description. To achieve the advantages of declarative language as ssmple and easy to master,
GFDL was defined by features borrowed from a well-known declarative language, the Structured
Query Language (SQL) [9]. Resource registration can be thought of as similar to the SQL Data
Definition Language (DDL), while the process descriptions closely resemble SQL's Data
Manipulation Language (DML). For a successful compilation of a process description, all

resources and processes referred to in the process description must also be defined and compiled
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successfully. As a workflow definition language, GFDL is designed here to provide three main

functions: data registration, program registration, and process description.

3.2.1 Data Registration
Most workflow processes would involve a set of operations on various data from distributed

resources. The data, upon which the Grid-Flow system is to operate, must first be registered. The
purpose of the registration processis to record “meta information” about the data into the system
repository. Generally, the registration program needs to know two features of the data: the source
and the format. The source of the data informs the system where to get the data, while the format
of the data tells the system how to use the data in the corresponding processes. The following

syntax is used to register data resources.

Register Data data_name As Text | Table;
Set data_source= “data_source_string”;
Set data_format= “data_format”;

Figure 3 Syntax of Data Registration
From the above SQL-like [9] syntax, it can be observed that data could be registered as a

Text file (including plain text, HTML, and XML) or a Table (as in a relationa database). The
data source and format features are assigned following the data name declaration. More features
about the data, if needed, can be added into this template.

The Grid-Flow system simplifies the data registration procedure by providing users with a
wizard to guide users step-by-step input of required information. After retrieving al of the
related information, the registration wizard automatically generates data registering sentences
and submits them to the Grid-Flow engine. The Grid-Flow engine responds for processing data

registering sentences and storing the meta information about the data into Grid-Flow system. For
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example, when a user registers the data TMPredinput, the wizard generates the following

sentences and sendsiit to the Grid-Flow engine.

Register Data TMPredinput As Text;

Set data_source="http://www.ch.embnet.org/software/...";
Set data_format="HTML"

Set data_ddf="File:///c:\BioFlow\DDF\TMPredInput.ddf";
End;

Figure 4 Registration Sentences for Data TM Predlnput

3.2.2 Program Registration
A program is also an important concept in GFDL. A program is defined here to be an atomic

execution unit that cannot be subdivided in the Grid-Flow system. Generally speaking, the
concept of program can be equal to the concept of task. A program could be invoked by the
Program Integration component, access some data through the Data Integration component, and
accomplish certain functions. For example, when the Program Integration component plans to
invoke the program mpiblastp [18] on a remote resource to compare a protein sequence against a
large protein database, it must retrieve the analyzing sequence through the Data Integration
component, send it to aremote resource, call the program mpiblastp via Globus Toolkit [25], and
fetch the results from the remote side after the execution. In the Grid-Flow system, three types of
programs can be used. One type of program is implemented in the Grid-Flow system, such as the
basic mathematical operations (for example, less than, larger than, equal to) and fundamental
logical operations (for example, and, or, not). This kind of program is called an Internal
Program. Another type of program is provided directly by the operating system, either from
local computers or from distributed environment, such as PAUP [50] and ClustalW [13]. Thisis
called the OS Program. The third type of program is designed by users who utilize the Grid-
Flow Language to plan their processes. After the design process of data analysis with the Grid-

Flow Language, users can save their blueprints into Grid-Flow description files for future use. A
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saved Grid-Flow process can be used to construct complex processes as a single unit, and reused
as a simple process definition. Such kind of reusable programs are named Grid-Flow Programs.
Actually, the Grid-Flow programs are a kind of reusable sub-process. The syntax for registering

programsislisted in Figure 5.

Register Program program_name As Internal_Program | OS_Program | Grid-
Flow_Program;

Input input_parameters_list;

Output output_parameters_list;

// Program features description goes here

Figure 5 Syntax of Program Registration
In this syntax, the program name and type must be declared followed by a list of input and

output parameters. The input parameter list defines what data should be fed into the program
when the program starts. The output parameter list defines what data should be transferred out to
the Grid-Flow system after the program ends. The remaining syntax follows with different
contents according to different types. For an Internal Program, it is not necessary to provide any
additional information. For an OS Program, additional information is provided about the
program, such as the program location, operating system supporting the program, and what
privileges are needed to execute the program. For a sub-process program (that is, a Grid-Flow
Program), the process description segment is added after the program definition head. All of the
information about the program will be registered into Grid-Flow Repository.

As an example, the following sentences will generate a program record for the program

named TMPred.

Register Program TMPred As OS_Program;

Input TMPredinput;

Output TMPredOutput;

Set program_source="http://ardra.hpcl.cis.uab.edu:8080/webservices/...";
End;

Figure 6 Registration Sentencesfor Program TMPred
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3.2.3 Process Description
The major functionality of GFDL isto model al kinds of processes in the workflow system.

A workflow process is a flexible combination of a set of activities. An activity is an atomic
operation that cannot be divided further. A workflow process is responsible for organizing and
scheduling activities in a workflow model, and accomplishing a particular function. The
workflow model is described as a process description, which is a list of GFDL sentences that
could be executed sequentialy. Each GFDL sentence contains one or more expressions. The
expression is a logical connection of a set of registered programs and data. More detailed
information about the general syntax of Grid-Flow process description language is listed in [31],
since the GFDL is derived from BioFlow Language.

According to the workflow models provided in [1], there are four major structures (routings)
used for organizing activities. They are sequence structure, parallel structure, choice structure,
and loop structure. In sequence structure, the activities are carried out step-by-step in the order
they appear. GFDL applies a program-driven structure to facilitate the design and execution of
sequence structures. In the program-driven structure, registered programs interact with each
other through their input/output parameters. That means one program’s output is transferred to
another program as an input parameter. All of the programs in an expression construct a
streamlining structure with the output/input connections. For example, a set of programs with the
relationships as shown in the left part of Figure 7 can be described as the expression on the right

with GFDL.
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ProgA

ProoB ProaC

\/ Set ProgD(ProgB(ProgA()),ProgC());

ProaD

Figure 7 Example of Sequence Structure

In Figure 7, ProgA, ProgB, ProgC and ProgD are all registered programs in the Grid-Flow
Repository. This program-driven structure means the output of ProgA will be transferred to
ProgB as an input parameter. Then the outputs of ProgB and ProgC will be transferred to ProgD
as input parameters. Consequently, the result of ProgD will be saved in the Grid-Flow
Repository as the final result of this sequence structure. The advantage of this program-driven
structure is that it arranges the activities in a natural sequence, in which the corresponding tools
are used for real workflow process. This makes it simple and intuitive for users to model their
workflow procedure with GFDL.

Tasks in the Grid-Flow description can be organized into nested structure as well as extended
structure. For example, the following sequence of sentences captures the same meaning as the

single sentence in Figure 7 expresses by using assignment statements.

Set x=ProgA();
Set y=ProgB(x);
Set z=ProgC();
Set ProgD(y,2);

Figure 8 Extended Expression of Sequence Structrue

Sequence structure has an explicit dependency relationship between its activities. This
dependence relationship not only relies on the input/output connection, but also reveals the
execution order between activities. The execution order is dependent on the input/output
connection. If no input/output connection existing between a set of activities, those activities can

be executed in any order. Parallel structure is used to describe this unordered relationship
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between activities. Figure 7 provides a good example for the parallel structure. ProgB and ProgC
have no input/output connection - they could be executed in any order. In the GFDL sentence,
ProgB and ProgC are parallel and separated by a comma. The Grid-Flow engine will analyze the
sentence and arrange it to be executed simultaneously.

In the choice structure, one particular activity is selected out of two or more possible
activities according to the running conditions set in the process. The following syntax describes

the choice structure.

Set expressionl When expression2;

This syntax means expressionl will only be executed once if the value of expression2 istrue.

Otherwise, the Grid-Flow Engine will skip expressionl and execute the sentences following.

Y —> ProoC
N 1

ProaB

A 4

A 4

Proq A PI’OGD

Set ProgC() When ProgB(ProgA());
Set ProgD();

Figure 9 Example of Choice Structure

Every expression in the Grid-Flow Language returns an integer value. Similar to C-like
languages, a non-zero positive value of the expression is considered as true. The Grid-Flow
engine controls the execution flow of the Set-When construct according to the expression value
of expression2. For instance, in Figure 9, if ProgB(ProgA()) returns true, ProgC will be executed
before ProgD, otherwise only ProgD will be executed after the execution of ProgB and ProgA.
The corresponding GFDL sentences are provided in the lower part of Figure 9.

The execution of activities in the loop structure also depends on the running conditions set at

the beginning or end of the loop. Whenever the running conditions are true, the activities in the
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loop will be executed repeatedly. The different subtypes of loop structure are distinguished by
the position where the running conditions are defined. If the running conditions are defined at the
beginning of the loop, the workflow process first checks the value of the conditions, and then
decides whether the activities in the loop should be executed. Such kind of subtype is named
with “begin-controlled loops.” On the other hand, if the running conditions are defined at the end
of the loop, the loop is called “end-controlled loops.” In the end-controlled loops, the activities
included in the loop will be executed at least once, regardless of whether the running condition is
true. The workflow process checks the value of running conditions after each execution and
decides whether the activities should execute again. The GFDL supports two kinds of syntax,
which conform to functionalities of the two subtype loops, respectively. These syntax are

described as follows:

Set expressionl While expression2, (1) \

This syntax is applied to the subtype “begin-controlled loop,” which means expressionl will be
executed if and only if the value of expression2 is true. When this sentence is executed in Grid-
Flow Engine, the value of expression2 will be first checked. If true, the expressionl could then

be executed. If false, the engine will skip expressionl and execute the following sentences.

\ Set expressionl Until expression2; 2 \

This syntax is applied to the subtype “end-controlled loop,” which means expressionl is
guaranteed to execute once, and then the Grid-Flow Engine will evaluate expression2 and decide
whether to continue executing expressionl.
3.3 Graphic User Interface

Although practically speaking, the authors are convinced that GFDL is powerful enough to
describe most current existing workflow processes accurately, it has a key clear drawback,

namely, it asks for understanding and a proficient grasp of programming languages that is
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beyond the skillsets of general users. To reduce the gap between the required proficiency of
using GFDL and the users capability, a graphical user interface is indispensable to help users
specify a workflow process with graphic tools that automatically transate the graphical model
into the workflow description language using techniques of generative programming [16]. Thus,
a graphical model should be carefully selected to describe the workflow processes. It must be
powerful with respect to description, and comprehensible by users of a specific domain.

A workflow process is usually described as a Petri Net by intuitively mapping programs as
transitions, status as places, and data as tokens. Although the concept of a Petri Net has been
acknowledged to be one of the most powerful tools to describe multi-task procedures, especially
for asynchronous and concurrent tasks, they are seldom used in practical workflow systems
because they are not so user-friendly. The work described in this paper employs Petri Nets
because it can describe data flow and control flow with a unique format. Petri Nets can aso
construct the workflow hierarchy (that is, treat a sub-workflow as an entity of a large, complex
workflow process) easily. To build up a user-friendly interface with Petri Nets, the Generic
Modeling Environment (GME [40]) is used in our system as the foundation of the graphical
editor.

To model the workflow process with a Petri Net in GME, a meta-model is created (shown in
Figure 10) to describe the basic modeling blocks of a Petri Net, such as places, transitions,
tokens, and connections [47]. Each part in the model has its own visualization and attributes.
Constraints of each part can aso be defined in this meta-model. With these basic modeling
blocks, users can construct their own Petri Net models by mapping their concept of a workflow

process into combinations of building blocks.
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Figure 10 Meta Model of Petri Net in GME

One of the advantages of the GME is that it can automatically generate GFDL based on the
Petri Net models, which exempt the burden for the users to write code for any workflow process.
The generation of GFDL from Petri Net models is implemented by a GME interpreter. From a
Petri Net model, the GME interpreter first extracts the relationships between places and
transitions, and then maps the relationships into GFDL control structures. Each pattern in a Petri
Net model corresponds to a GFDL structure, as shown in Figure 11. This figures uses the

concepts AndJoin, AndSplit, OrJoin, and Or Split [1].
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Set ProgB() When ProgA();
Set ProgC() When !(ProgA());

Beqgin-controlled Loop Structure
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End-controlled Loop Structure
Set ProgA() While ProgB();
Set ProgC();

Figure 11 Mapping between Petri Net Modelsand GFDL

User Interface

Grid-Flow Repository

Data Integration

Program Integration

Figure 12 Architecture of Grid-Flow Engine (Adapted from [31])
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3.4 Grid-Flow Engine
The Grid-Flow engine is the key component of the Grid-Flow system. When a workflow

process is submitted by the user, the Grid-Flow engine checks the types of each data for the
programs. This mission is accomplished by retrieving the metadata and provenance of the data,
and matching them with the requirements of the programs. After type checking, the Grid-Flow
engine drives forward the control flow by sequentialy invoking programs through a program
integration component, and feeding programs with corresponding input files. The
communication between programs is based on file transferring. Each file acts as a token in the
Petri Net, whose arrival at the places may trigger the execution of multiple matured programs.
The Grid-Flow engine controls the scheduling and monitoring of the workflow process execution.
The Grid-Flow engine is derived in terms of source code from the previous “BioFlow” system
[31], software originally authored by the first author of this paper.
The detailed inner structure of the Grid-Flow Engine is described in Figure 12. The engine
has the following five components, paralleling the BioFlow engine structure [31].
1. Syntax Analyzer parses and compiles workflow definition conveyed by GFDL to generate
executable tasks;
2. Repository Interface maintains data and program information by interacting with the
Grid-Flow Repository;
3. Data Manager maintains application data through the Data Integration component;
4. Program Manager invoke the program tasks through the Program Integration module,
while coordinating the acquisition and organization of local and remote sites' responses;
5. Adminigtrative Module is responsible for the marshalling of the user applications,
execution, management of the program flow, and task allocation and the coordination for

the above-mentioned components.
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In the Grid-Flow system, each component provides particular services to human users, or
other components. At the same time, each component uses the services provided by the other
components to fulfill its own function. Components need to communicate with each other
through well-designed interfaces. The Grid-Flow Engine component follows this mechanism and
coordinates the execution of tasks using appropriate services provided by the subsystems
described below.

3.5 Grid-Flow Repository

This component assists in storing the information of registered data and program, process
variables, and numerous system meta-data necessary for application executions. It also maps all
data and program registration information into system tables for use by the Grid-Flow Engine at
run time. The Grid-Flow data repository is implemented on a relational database management
system that supports Open Database Connectivity (ODBC) and Structured Query Language
(SQL). Four primary system tables are maintained (similar to [31]):

e System Information Table records the “meta information” of the Grid-Flow system,
including the execution path of the system, the location of the Grid-Flow Repository, and
all kinds of configurations of Grid-Flow processes.

e Process Satus Table preserves al of the information about the current-running Grid-
Flow processes. Each running Grid-Flow process places a record in this table, which
records the ID and name of the Grid-Flow process, the status (started, running, paused,
waiting, and complete), the list of occupied resources, and the waiting list of resources.
The Grid-Flow Engine will be responsible for the maintenance of this table.

e Registered Data Table holds all of the information about registered data. This

information is collected from the registration procedure when the data are registered.
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Information that is persistently stored includes data name, data type, data source, and data
access method. When the Grid-Flow process is running, some intermediate or temporary
data information are also stored in the registered data table. The Grid-Flow Engine will
be charged with the clearance job of this table after the execution of each workflow
processes.

¢ Registered Program Table holds al of the information about a registered program. This

information is collected from the registration procedure when a program is registered.
Stored information includes program name, program type, program path, an the program
calling method. This information will be used when the Grid-Flow engine invokes the
programs from the WebRun platform.

The Grid-Flow process descriptions, however, are stored in the local file system instead of
the Grid-Flow repository. The process description in a file format is more portable than a record
in the Grid-Flow repository table. Users can transfer their design of workflow process by
copying description files from one computer to another. This design consideration facilitates the
design and execution issues of aworkflow processin adistributed computing environment.

3.6 Data/Program Integration
This section introduces the data and program integration components of the Grid-Flow

system.

3.6.1 Data I ntegration
To handle the various formats of the different data sources, a Data Integration component is

introduced into the Grid-Flow system. Data Integration works by accessing the data using self-
describing information and then explicitly transforming the data into the desired data format
according to the requirement. Working with the Data Integration component, the Grid-Flow

Engine can access the data without concerning the issues of data format. Thus, the Grid-Flow

27



Engine can interconnect the execution of programs by implicitly transforming the data between
them.

When the Grid-Flow Engine wants to access data, it first searches the registration
information about that data in the Grid-Flow Repository. After getting the required information,
the Grid-Flow Engine provides the Data I ntegration component with the registration information
and its desired data format. Data Integration gets the data with its own data engine, and then
transforms the data into the desired format with the Hyper Text Query Language (HTQL) [11].
Data with various data types are treated differently in the data engine. For data in the database,
the data engine accesses the data using SQL. For data in plain text/HTML/XML format, data
engine accesses them through corresponding parsers. Data could come from different types of
data sources, either located locally or on remote computers. The data integration component uses
GridFTP (included in Globus Toolkit [30]) to transfer data files when necessary. Finaly, the
Data Integration component returns the data to the Data Engine and accomplishes its data access

service.

3.6.2 Program Integration
The Grid-Flow Engine treats every Grid-Flow task as an executable program, which gets

some data as input, processes the data, and outputs the results. Programs can be categorized into
three types: internal program, Grid-Flow program, and OS program. Internal program and Grid-
Flow program are executed by the Grid-Flow Engine. OS programs are executed by the Program
Integration component. An OS program could be a program located on the local machine, or an
over-platform program located in the distributed network environment, or even an Internet
program accessible only with web services. Therefore, a unified platform that can cover the
diverse environmental details from the users is desired to enable the invocation of various

programs on distributed and heterogeneous computing resources. The WebRun [32] system is
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employed in the Grid-Flow system as the role of a unified program execution platform. With
WebRun, a Program Integration component provides the Grid-Flow system a service to interact

with any kind of programs.
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Figure 13 WebRun Architecture

WebRun is a unified platform supporting Grid computing [6] environments. It provides users
with both a web interface and a programmatic interface to command-line programs located on
remote computing resources. The web interface, a browser and servlet implementation in
WebRun, supports the finding, starting, controlling, and utilization of command-line application
programs. The programmatic interface enabled by the WASP [51] client/service model provides
a Java interface for accessing the programs stored on the remote resources that are otherwise not
accessible. WebRun adopts a hierarchical architecture including three main components, the
Program server, the Wasp server, and the Web server, as shown in Figure 13.

Program servers are distributed among al the hosts that contain programs participating in the

WebRun system. Each program server will maintain a program repository, which sits at the
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backend and represents all available computing resources within that hosting environment. For
each submitted job, the program server will be responsible for the maintenance of its running
environment created in terms of its accompanying RSL [28].

The WASP server is initialy centralized on one machine. It will maintain a program
description store, which holds the property file for each program joining the program
participation. Each program profile is accessed as responses to a WASP client, which in turn
may be used to construct a job-submission form or a RSL associated with agiven job. In essence,
for each program description, web services will be correspondingly generated and registered
with the WASP server. The web services in turn provide a programmatic interface for servlets or
programmeatic users. Based on the web service interfaces, dynamic web pages may be developed
via servlets, which are in turn accessible by users via browsers. This facilitates remote job
submission and monitoring for a chosen program. Since OGSA [26] is still under development,
current implementation creates Grid services using Java CoG-based Grid functionalities instead
of exploiting OGSA-based Grid services directly. The work now is under way to map these
services directly onto OGSA-based Grid services.

The WebRun system maintains a program repository that records all the programs available
with current users credentials. The Grid-Flow engine, as a web service client, utilizes the
functionality of each program provided by the WebRun system. Thus, the Grid-Flow engine can
access any program through a unified web services interface. To facilitate the creation of web
service and the usage of the Globus Toolkit 3.2 (GT3.2) [25], the domain experts are provided

with agraphical modeling environment for automated generation of web services [33].
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4. An lllustrative Example
For illustration purpose, this section presents an example to describe how to design and

execute an application of biological data analysis within the Grid-Flow system. A broad
overview of this example is provide first, followed by the details of each design and
implementation aspects of the analysis.

A biologist needs to predict the functionality of a given protein sequence after completing the
sequencing process that identifies each residue of that protein sequence [39]. The method of
prediction essentially relies on severa aspects of related information, such as the functionalities
of similar protein sequences, the trans-membrane regions of the given sequence, and the
promoter regions on the corresponding DNA sequence. The trans-membrane region
identification is one of the most important steps that must be performed during the work of
protein functionality prediction. A protein with several potential trans-membrane helicesislikely
an integral membrane protein that functions in transport or polymerization of molecules, while
proteins with no trans-membrane helices are likely cytosolic and function in synthesis of
molecular building blocks. An overview of the process design on prediction of trans-membrane
regionsisillustrated in Figure 14. In this figure, rectangular boxes represent the beginning or end
of the process, a set of document-style boxes describe the data transferred among the tasks, and

rectangular boxes with rounded corners stand for the programs/tasks that process the data.
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Figure 14 An Example of Analysis of Transmembrane Regions (Adapted from [39])

End

The process operates in the following way. When a biologist plans to anayze the trans-
membrane regions of the given protein sequence, he initialize an instance of the workflow model
of predicting transmembrane regions. This process first asks the biologist to provide the protein
seguence accession humber and decide the analysis parameters of the TMPred task [54], which is
a program that can predict the trans-membrane regions against the protein sequences. The task
Input Data is used to label this first step in the whole process. After this step, there are two data
values returned: Sequence Number and TMPred Parameters. In the second task, the workflow
system will automatically submit the Sequence Number to program mpiblastp [18] and search the
protein sequence in the protein database located on the same resource as mpiblastp. The program
mpiblastp is a parallel computing tool that can compare a protein sequence against a large
protein database distributed on a cluster of computers. After using mpiblastp, the workflow
system generates the data Protein Sequence and then submits this sequence to the third task,
TMPred. The TMPred task uses two input data: one is the data Protein Sequence generated by
mpiblastp; the other is the data TMPred Parameters that served as input in the first task. The

TMPred task is responsible for predicting the trans-membrane regions according to the input
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protein sequence and parameters. Once the TMPred task is executed, it predicts the possible
Trans-membrane Helices and displays the result to the end user through the task Display. After
the execution of Display task, the instance of the process goes to the end state and its status is

changed to “finish.”
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Figure 15 Petri Net Model of Analysis of Trans-membrane Regions

Input Data

St

To model this workflow process, a user may intuitively specify the Petri Net model as shown
in Figure 15. From the structure viewpoint, the Petri Net model is very similar to the data and
program model described in Figure 14. The Sart and End places indicates the beginning and
finish of the process. Each transition corresponds to a program in the data and program model.
The data is represented by the token, and places as data and token containers connecting
transitions. With this Petri Net model, the graphical user interface can automatically generate the

GFDL asthe following.

| Set Display(TMPred(mpiBlastp(Input Data()),Input Data())); |

Figure 16 GFDL for thelllustrative Example
In this GFDL sentence, program Display, TMPred, mpiBlastp, and Input Data have aready

been registered with Program Registration component before the design of the workflow process.
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Program Display and Input Data are programs on a local computer. Program TMPred is located
on a program server within the same local network. Program mpiBlastp is running on a cluster
whose head node shares the same network with the local computer. The data is input by the user
through the program Input Data. Because the programs involved in this process are located on
various computing resources distributed on the local network, the Grid-Flow engine should
invoke the programs through WebRun platform. The input data and temporary intermediate
results are transferred by GridFTP [30]. The successful execution of this workflow process
shows that the Grid-Flow system can help the users design and implement workflow processes
with a user-friendly interface.
5. Conclusions and Future Work

This paper analyzes three critical issues that can identify a Grid workflow system and
provides a new solution to them, namely the Grid-Flow system. A brief survey isfirst presented
on current Grid workflow systems, their modeling approaches, and their workflow languages.
Based on this investigation, the drawbacks of existing systems are noted with current modeling
approaches and workflow languages. Facing these drawbacks, a novel Grid workflow system is
proposed, which employs a Petri Net modeling approach based on a user-friendly graphical
interface (GME), describes the workflow process definitions with a light-weight workflow
language (GFDL), and integrates heterogeneous data and distributed analysis tools through a
unified platform (WebRun). Furthermore, we describe in details the architecture of the Grid-
Flow system, its workflow language GFDL, its graphical user interface, its workflow engine, its
system repository, and its data and program integration mechanism. Finally, with the help of a
case study, we verify the feasibility of the proposal of the Grid-Flow system and demonstrate

advantages of using our system.



The Grid-Flow system is an on-going project. It needs more future work to adapt itself to the
ever-changing Grid computing environment. One of the possible future researches may focus on
the Petri Net modeling approach. As a modeling approach, Petri Net has its own limitations. As
reported in [34], the size of the Petri Net will increase dramatically with the modeled workflow
process turns more complicated. Although currently one can use hierarchical Petri Net models to
describe the workflow process in a hierarchy structure, more elegant and sophisticated models
are needed to organize the process in a abstract manner. Another concern about the future
development of the system is for the Grid workflow language. A standard of the Grid workflow
language is preferred to diverse workflow languages. Such a standard would also facilitate the
interaction between different Grid workflow systems. The Grid-Flow system should be flexible
enough to any possible new standards of Grid workflow language. On the other hand, the
optimization and fault management features should also be considered into the future design of
Grid workflow system.
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