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Abstract. Workflows are considered to be one of the most relevant programming models for the
Grid. In the past many workflow languages have been developed. However, most of them are textualoriented, are based on a self-defined notation, or lack an adequate tool-support. Therefore, there is a
need for streamlining the task of Grid worklow specification. In this paper we present our graphical
editor Teuta, which we have tailored for the specification of scientific Grid workflows. Moreover, we
have integrated Teuta with the Askalon Grid Environment (AGE). Teuta serves for AGE as a user
interface for workflow composition, submission, controlling and monitoring. In addition, we present
our Domain Specific Language (DSL) for Grid workflows that is based on the latest standard of the
Unified Modeling Language (UML). In Teuta, the workflow is composed graphically by combining
predefined elements of our DSL in a hierarchical fashion. We have evaluated our approach for a
real-world material science program package. We show that thanks to the hierarchical workflow
composition a simple view of the workflow is maintained at each level of abstraction.

1. Introduction
In the recent years workflows have established themself as one of the most relevant programming
models for the Grid. A significant research effort has been involved in the development of workflow
languages for the Grid. However, there is a lack of a standard set of abstractions for Grid workflow
specification, and virtually every research project is defining and using a different workflow language.
Most of the existing workflow languages are textual-oriented, are based on a self-defined notation, or
lack an adequate tool-support. Much remains to be done to streamline the task of Grid workflow
specification. This is of paramount importance for a typical Grid user, who is primarily interested
on solving the problems in his domain of interest (for instance physics), and is less interested for
spending his time by dealing with intricacies of the Grid environment.
In this paper we present our graphical editor Teuta, which we have customized for the specification
of scientific Grid workflows and integrated with the Askalon Grid Environment (AGE) [7]. Within
the context of AGE, Teuta is used for workflow composition, submission, controlling and monitoring.
In addition, we present our Domain Specific Language (DSL) for Grid workflows that is based on
UML 2.0 [13]. The benefits of definition of a DSL for the domain of Grid workflows include: (1)
the user is exposed to only domain-relevant UML modeling elements, (2) the language concepts
have domain-specific interpretation, and (3) models may be enriched with information that is used
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by tools for automatic model transformation. In Teuta, the workflow is composed graphically by
combining predefined elements of our DSL in a hierarchical manner. Thanks to the hierarchical
workflow composition a simple view of the workflow is maintained at each level of abstraction. This
is demonstrated for a real-world material science program package in Section 5.
The main contributions of this paper include: (1) definition of a UML based DSL for scientific Grid
workflows; (2) extension of Teuta for the specification of scientific Grid workflows; and (3) integration
of Teuta with AGE.
The rest of this paper first discusses related work in Section 2., and then Section 3. describes our
approach to UML based specification of Grid workflows. Section 4. describes our implementation.
Section 5. describes how we evaluated our approach. Section 6. presents our conclusions and describes the future work.

2. Related Work
Most of the existing related work include workflow languages that are based on XML, such as
AGWL [6], Grid Workflow [2], GridAnt [12], GSFL [11], and QoWL [3]. However, typing XML
code in order to specify the wokflow has been proved as an error-prone and time-consuming task.
Instead of using a standard visual modeling language such as UML [13], many workflow specification tools introduce their own graphical notation. A major drawback of this approach is that a
workflow specification tool that is based on a self-defined notation enforces the user to learn a new
language prior to the use of tool. For instance, Triana [4] supports the graphical representation of
workflows based on a self-defined notation. Furthermore, the graphical notation of Triana is not
capable of expressing several relevant workflow patterns (such as ParallelForEach). For instance, advanced concurrency cannot be explicitly expressed because of the lack of support for synchronization
conditions.
In contrast to the most of existing work [15], Teuta supports graphical workflow composition based on
the latest standard UML 2.0 [13]. Furthermore, it provides a set of predefined abstractions specifically
tailored for Grid workflow specification (see Figure 5 in Section 3.2.). Teuta can model graphically
any Grid workflow application that can be expressed textually using AGWL [6]. Moreover, Teuta
has been integrated with Askalon Grid environment [5], and serves as a user interface for workflow
composition, submission, controlling and monitoring. The advantage of this approach is that the user
deals with a single interface during the whole workflow life-cycle. Therefore, the user does not have
to use multiple tools, each with a different kind of interface, for using the Grid.

3. UML Based Specification of Grid Workflows
In this section, first, we describe the UML activity diagrams. Thereafter, based on UML activity
diagrams we define a Domain Specific Language (DSL) for Grid workflows, by using UML extension
mechanisms [13].
3.1. UML Activity Diagrams
In this section we briefly describe a subset of elements of UML 2.0 activity diagrams [13], that is
relevant for understanding the work presented in this paper. UML 2.0 activity diagrams are suitable
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for flow modeling of various types of software or hardware systems. Hierarchical capabilities of the
UML activity diagram support modeling of systems at arbitrary levels of detail and complexity. For
instance, it is possible to group a set of activities with the corresponding flow into a higher-level
activity with a well defined input and output (see Figure 1).
An activity is a flow graph, which consists of a set of nodes interconnected by directed edges (see
Figure 1). There are three types of nodes: action nodes, control nodes, and object nodes. Action
nodes are basic units of the behavior specification. Actions may contain pins, which represent input
and output (see Figure 1(a)). Actions process inputed control and data values, and output control and
data to other action nodes. A CallAction may invoke another activity. A CallAction is graphically
represented as an action with a specific symbol in the lower-right corner (see Figure 1(b)).
Figure 1 shows an instance of hierarchical modeling by using CallActions. The behavior of CallAction Activity1 in Figure 1(b) is refined by activity Activity1 in Figure 1(c). This process of behavior
refinement may be further continued; for instance, by refining the behavior of CallAction Activity2 in
Figure 1(c). In this manner, it is possible to represent a model at an arbitrary level of detail.
Activity1
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input
pin

ActionName

Action1

data

Activity2

input

output
pin

output
output

output

input
Activity1

(a) Action

(c) Activity

(b) CallAction

Figure 1. Hierarchical modeling with actions and activities.

Control nodes steer the control and data along the flow graph. Semantics of InitialNode, DecisionNode, MergeNode, ForkNode, and JoinNode are intuitively clear (see Figure 2). Therefore, we only
clarify the difference between FlowFinal and ActivityFinal control nodes. A FlowFinal node indicates
the end of a flow, whereas the ActivityFinal node terminates the whole activity.
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DecisionNode MergeNode ForkNode JoinNode FlowFinal ActivityFinal
Figure 2. Control nodes.

An edge of activity diagram indicates either control flow or object flow (see Figure 3). A control
flow edge specifies the precedence relationship between two interconnected nodes (see Figure 3(a)).
Object nodes contain the data that flows through the graph (see Figure 3(a)). An object flow edge
specifies the flow of objects along interconnected action nodes (see Figure 3(c)).
The interested reader may find the complete description for all UML modeling elements in the UML
specification [13].
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Figure 3. Control and data flow. (a) Specification of the action execution precedence. (b) Object node notation. (c)
The use of an object node for data flow representation.

3.2. Definition of a Domain Specific Language (DSL) for Grid Workflows
While UML specification [13] provides a large set of modeling elements for modeling of various types
of software and hardware systems, only a relatively small subset of modeling elements is required for
modeling Grid workflows. We have identified a subset of UML modeling elements that is relevant for
modeling Grid workflows, and briefly presented it in Section 3.1.
In order to make possible the modeling of different types of systems, UML modeling elements are
defined in UML specification in an abstract manner without conceptual connection with a particular
domain. For this reason, UML specification defines the mechanisms for specializing semantics of
modeling elements for a particular domain. We have defined a Domain Specific Language (DSL) for
Grid workflows by using the UML extension mechanisms. The UML may be extended by defining
new modeling elements, stereotypes, based on existing elements, base classes (i.e. metaclasses). A
stereotype is defined as a subclass of an existing UML metaclass, with the associated tagged values
(i.e. metaattributes) and constraints. Stereotypes are notated by the stereotype name enclosed in
guillemets «StereotypeName», or by a graphic icon. Tagged values are name-value pairs, such as
type = FFT (see Figure 4(b)).
The benefits of definition of a DSL for the domain of Grid workflows include: (i) the user is exposed
to only domain-relevant UML modeling elements, (ii) the language concepts have domain-specific
interpretation, and (iii) models may be enriched with information that is used by tools for automatic
model transformation (for instance to XML) or model processing (for instance for the purpose of
performance prediction).
«metaclass»
Action

«stereotype»
GridAction
type:String
qos:String

(a) Definition

«GridAction»
SampleAction
{type = FFT,
qos = ExecTime &lt; 100}

(b) Usage

Figure 4. The definition and the usage of stereotype GridAction.

Figure 4 depicts an instance of the procedure for defining elements of our DSL for the domain of Grid
workflows. The DSL modeling element GridAction is defined by stereotyping the base class Action
(see Figure 4(a)). The tagged value type specifies the kind of instances of stereotype GridAction (for
instance Fast Fourier Transform (FFT)); the tagged value qos may be used to specify the Quality of
Service (for instance execution time should be less than 100 time units). The graphical notation of
stereotype GridAction is illustrated with an example in Figure 4(b). Elements of our Grid workflow
DSL are presented in Figure 5.
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Indicates that the Action represents
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condition:Boolean
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Indicates that the ConditionalNode
represents a conditional execution
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body is executed zero or more
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Indicates that the LoopNode
represents a 'do-while' loop. The
loop body is executed one or more
times.

N/A

Indicates that the LoopNode
represents a 'for' loop.

ExpansionRegion qos:String

N/A

Indicates that the ExpansionRegion
represents a loop that iterates over
elements of a data collection in
sequential fashion.

StructuredActivity qos:String
Node

N/A

Indicates that the
StructuredActivityNode represents
a group of Grid actions that are
executed in parallel.

StructuredActivity from:Integer,
Node
to:Integer,
stride:Integer,
qos:String

N/A

«ParallelFor»

Indicates that the ExpansionRegion
represents a 'for' loop whose
iterations are executed
simultaneously).

ParallelForEach

ExpansionRegion qos:String

N/A

Indicates that the ExpansionRegion
represents a loop that iterates over
elements of a data collection in
parallel fashion (i.e. loop iterations
are executed simultaneously).

CallAction

N/A

Indicates that the CallAction
represents invokation of the
specified workflow.
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«IfThenElse»
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qos:String
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Figure 5. Elements of the Grid workflow DSL. The first column shows the element name (for instance GridAction)
and the corresponding notation («GridAction») for newly defined elements. The names of UML elements that
serve as base classes for customization are shown in the second column. The third and the fourth column show tags
and constraints. The rightmost column provides descriptions for DSL elements.

4. Teuta
In this section we outline the architecture of Teuta, and briefly describe the Askalon Grid Environment
(AGE) [5]. In addition, we introduce the Abstract Grid Workflow Language (AGWL) [6], that is used
for the communication between Teuta and AGE.
Teuta is a platform independent UML editor. On the left-hand side of Figure 6 is depicted the architecture of Teuta. Teuta comprises three main components: Graphical User Interface (GUI), Model
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Figure 6. The architecture of Teuta and Askalon Grid Environment (AGE). Teuta and AGE communicate via
AGWL. Teuta acts as an Askalon Grid Workflow Manager in conjuction with AGE.

Traverser, and Model Checker.
Teuta GUI includes the following components: Menu, Toolbar, Drawing Space, Model Tree, Code
Editor, and Element Properties. We illustrate the GUI of Teuta with examples of real-world workflows
in Section 5.
The Model Traverser provides the possibility to walk programatically through the model, visit each
modeling element, and access its properties (for instance element name). Figure 7 shows the UML
communication diagram of the model traversing procedure. Model traversing involves three entities:
the Traverser, the Navigator and the ContentHandler. During the model traversing procedure, first,
the Traverser sends the navigation command to the Navigator. Then, the Traverser obtains the current
element from the Navigator. Finally, the Traverser asks the ContentHandler to process the element.

ContentHandler

3: process element()

1:navigation command()
Traverser

Navigator
2: element:= current element()

Figure 7. The UML communication diagram of Teuta model traverser.

We use the model traversing for the generation of various model representations; for instance, an
XML representation serves as input for Askalon Grid Environment (see Figure 6). The Navigator,
the Traverser, and the ContentHandler are independent of each other in the sense that they only
communicate via well-defined interfaces (see Figure 7). Therefore, each implementation of one of
these components can be combined with any implementation of the other two components. Teuta
provides the necessary interfaces and base classes and default implementations of the Navigator,
Traverser and ContentHandler. Commonly, the extension of Teuta for the generation of a specific
model representation involves only a specific implementation of the ContentHandler interface.
The Model Checker is responsible for the correctness of the model. The rules for model checking are
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specified by using our XML based Model Checking Language (MCL). The model checker gets the
model description from an MCL file. This MCL file contains a list of available diagrams, modeling
elements and the set of rules that defines how the elements may be interconnected. Based on the UML
Rule Set the model checker verifies whether the model conforms to the UML specification.
4.1. Askalon Grid Environment (AGE)
AGE [5] is depicted on the right-hand side of Figure 6. AGE comprises a set of suitable web services
for performance oriented execution of scientific grid workflows. AGE services are developed based
on a Grid infrastructure, that is implemented by Globus toolkit [9]. Globus toolkit provides support
for job submission, file transfer, resource discovery and monitoring, and security. In what follows,
AGE services are briefly described.
Workflow Executor provides support for deployment, activation, and fault tolerant completion of activities on remote Grid sites. Meta Scheduler maps workflow applications onto Grid resources. Performance Estimator predicts approximately the execution time of computational activities and the
data transfer time. In addition, this service estimates the availability of Grid resources based on
historical data. Performance Analyser provides support for automatic instrumentation, performance
measurement, and bottelneck detection of Grid workflows. Resource Broker negotiates and reserves
required Grid resources for the workflow execution. Resource Monitor supports the monitoring of
Grid resources. Information Service provides support for discovery, organization, and maintenance
of resource and application-specific information.
4.2. Abstract Grid Workflow Language (AGWL)
AGWL [6] is an XML-based language for describing Grid workflow applications at a high level of
abstraction. AGWL allows a programmer to define a flow of activities that refer to computational
tasks or user interactions. Activities are connected by control and data flow ports. A rich set of constructs is provided to simplify the specification of Grid workflow applications (such as <sequence>,
<if>, <switch>, <while>, <dowhile>, <for>, <forEach>, <dag>, <parallel> , <parallelFor> and <parallelForEach>). A detailed description of AGWL is out of the scope of this paper, therefore the
interested reader is referred to [6, 8] for more information.
Teuta and AGE communicate via AGWL (see Figure 6). Based on the UML representation of the
workflow that is specified by the user, Teuta automatically generates the corresponding AGWL representation. AGE takes as input AGWL representation of the workflow.

5. Case Study: WIEN2K Grid Workflow
Wien2K [14] – developed at the Vienna University of Technology – is a program package for performing electronic structure calculations of solids using the density functional theory. Wien2K has
been deployed in Austrian Grid [1]. In this section, we describe the worklow composition of Wien2K
with Teuta, and present the performance results of Wien2K for various problem sizes and various
number of Austrian Grid sites.
The programs which compose the Wien2k package are organized in a workflow that is illustrated
in Figure 8. The programs LAPW1 and LAPW2 can be executed in parallel fashion. The last task
verifies whether the convergence criterion is fulfilled based on the information that is stored during
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the execution in several output files. The number of iterations for the convergence loop is unknown
at compile time. The workflow composition with Teuta involves the specification of the control flow
(see Figure 8) and the data flow (see Figure 9).

(a) The while loop whileConv

(b) Properties of the while loop whileConv

(c) Body of the While loop whileConv

(d) Body of the ParallelFor loop pforLAPW1

Figure 8. Hierarchical composition of Wien2K workflow with Teuta.

Figure 8(a) depicts the process of hierarchical composition of Wien2K workflow. At the highest level
of the hierarchy is while loop whileConv, that comprises the rest of workflow activities. Properties of
the while loop whileConv, such as Loop Condition, are depicted in Figure 8(b).
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In order to zoom-in in the body of the while loop whileConv, the menu item Edit Loop Body is used
(see Figure 8(a)). The body of the while loop whileConv is shown in Figure 8(c). Analogously, it is
possible to zoom-in in the body of ParallelFor loop. The body of the ParallelFor loop pforLAPW1 is
shown in Figure 8(d). This mechanism makes possible the workflow description at different levels of
abstraction. At each abstraction level the user has a simple view of the workflow.

(a) Input data

(b) Output data

Figure 9. Specification of the data input and output for activity first.

Data flow specification involves the association of the corresponding data input and output ports to
each activity. An instance of data flow specification is depicted in Figure 9. The user specifies for
each data input (DataIn) port the corresponding Name, Type and Source (see Figure 9(a)). The Source
of data port specifies the entity that provides the data. Analogously, the user specifies for each data
output (DataOut) port the corresponding Name and Type (see Figure 9(b)).

(a) Begin

(b) End
Figure 10. An excerpt of the AGWL representation of Wien2k workflow. 157 lines of XML-based AGWL code are
generated for the corresponding eight UML activities.
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Teuta generates automatically the AGWL representation of Wien2k workflow, based on the corresponding UML representation. The AGWL representation of Wien2k workflow serves as input for
Askalon Grid environment. Figure 10 depicts an excerpt of the AGWL representation of Wien2k
workflow. 157 lines of XML-based AGWL code are generated for the corresponding eight UML activities. We consider, that for a human is simpler to specify and understand the control flow based on
UML (see Figure 8) than to type the XML-based AGWL code.
5.1. Performance Analysis of Wien2k Grid Workflow
Linz: Grid Sites
:: JKU-(ALTIX)
:: JKU
Salzburg: Grid Sites
:: SBG-(ALTIX)

Vienna: Grid Sites
:: VCPC
:: HEPHY-VIENNA
WIEN2K
Computational Quantum
Theory Group,TU Vienna

Innsbruck: Grid Sites
:: HEPHY-UIBK
:: ALTIX-UIBK
:: HPC
:: ZIDGRID
:: ASTRO-BEOWULF

Non-collinear
magnetic structure
in Fayalite (Fe2SiO4)

The core of Austrian Grid consists of six 'SGI Systems Altix 350' with total 96 'Intel Itanium 2' processors 1.4GHz / 4MB cache.
In addition, it includes several Beowulf class cluster computers.

Figure 11. The usage of Austrian Grid for performing calculations of magnetic properties of ferrimagnetic materials with Wien2K.

Askalon Grid Environment [5] is deployed on the Austrian Grid [1] infrastructure that comprises several Grid sites across the state of Austria (see Figure 11). We analyzed the performance of the Wien2k
workflow on 1, 2, 3, 4, 5, 6, 7 and 8 Grid sites. A large problem case with three different problem
sizes determined by the number of k-points (100, 200 and 250) has been selected [14]. Gescher [10], a
local cluster used by the Wien2k scientists for their experiments, is used as the reference measurement
for the single site execution.
Figure 12 shows the performance results which demonstrate that by migrating from the local Gescher
cluster to a distributed Grid environment, good performance results are achieved. The speedup improves with larger problem sizes indicated by the parallel k-points (see Figure 12(a)). The improvement comes from the parallel execution of k-points on multiple Grid sites that significantly decreases
the computation time. The parallel overhead decreases by increasing the number of Grid sites with
constant number of k-points because fewer tasks are scheduled to a single Grid site. The sequential
overhead remains relatively constant, but its ratio to the overall execution time is smaller for large
problem sizes.
The communication overhead of this application is negligible since we schedule the time consuming
tasks, such as LAPW1 and LAPW2, to Grid sites with a single NFS file system. The communication
overhead becomes more significant with increasing number of Grid sites hosting different file systems.
Typically for a scalability study, the workflow performance deteriorates beyond a certain machine
size (e.g., 6 for 100 or 200 k-points, and 8 for 250 k-points). This is due to sites containing slower
processors that are part of the Grid infrastructure, which causes the load imbalance of workflow
application.
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Figure 12. Performance analyzes of Wien2k workflow on Austrian Grid.

6. Conclusions and Future Work
There is a need for streamlining the process of Grid workflow specification. We have addressed this
issue by developing a domain specific language for Grid workflows that is based on widely adopted
standard UML2.0, and provided the corresponding tool-support by customizing our graphical editor
Teuta. In Teuta, the workflow is composed graphically by combining predefined elements of our
language in a hierarchical fashion. We have demonstrated our approach for a real-world material
science program package, and showed that thanks to the hierarchical workflow composition a simple
view of the workflow is maintained at each level of abstraction. In future we plan to evaluate Teuta
for large and complex Grid workflow applications.
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