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Abstract

With the advent of Grid and service-oriented technolo-
gies, scientific workflows have been introduced in response
to the increasing demand of researchers for assembling di-
verse, highly-specialized applications, allowing themto ex-
change large heterogeneous datasets in order to accom-
plish a complex scientific task. Much research has already
been done to provide efficient scientific workflow manage-
ment systems (WFMS). However, most of such WM Sare co-
ordinating and executing workflows in a centralized fash-
ion. This creates a single point of failure, forms a scala-
bility bottleneck, and often leads to excessive traffic routed
back to the coordinator. Additionally, none of the available
WIMS provides means for dynamic data transfor mation be-
tween services in order to overcome the data heterogeneity
problem. This work presents a new approach for scientific
wor kflow management targeted to provide ways for an effi-
cient distributed execution of data-intensive workflows. The
proposed approach reduces the communication traffic be-
tween services and overcomes the data heterogeneity prob-
lem. Moreover, it allows full control over long-running ap-
plications, aswell as provides support for smart re-run, dis-
tributed fault handling and distributed |oad balancing.

1 Introduction

Many existing systems have already addressed several
fundamental issues regarding scientific workflow specifica-
tion and management. Nevertheless, the design and imple-
mentation of an efficient WfMS is till a challenge. The
main reasons behind that are the characteristics of scientific
workflowsthemselves. They havegenerally long lasting ex-
ecutiontasks (e.g. simulation systems) with large data flows
and utilizing heterogeneous and dynamic resources.

The GLOWA Volta (GV)?! project’s use cases are con-

Iwww.glowa-volta.de [GLOWA Volta is financed by the German Fed-
eral Ministry of Education and Research (BMBF) as part of the GLOWA
research initiative: Global Change in Hydrological Cycle.]

sidered in this work as examples of scientific workflows.
The project supports sustainable water resource manage-
ment in the riparian countries in West Africa. In order to
help the project’s researchers in the decision-making pro-
cess, scientific workflows are involved so as to orchestrate
several involved simulation models and heterogeneous data
sources. A practical evaluation of the most potentially suit-
able WfM Ss showed that each of them still 1acks some key
features necessary to fullfill the project’s needs. There-
fore, a new approach for scientific workflow management
was previously introduced by the authors in [10]. Figure
1 shows the presented approach. It has introduced a four-
layered architecture for a WM S supporting integration of
heterogeneous data-intensive applications.

In the Workflow (Wf) Composition Layer, researchers
can create semantically annotated abstract workflows. For
every service, users can specify a set of resource require-
ments (e.g. OS, CPU speed...etc). Annotationsin the ab-
stract workflow provide referencesto a set of ontologiesre-
quired for data transformations. The Mapping Layer con-
tains three main components: First, the Semantic Matching
component which aimsto find corresponding pairs between
ontologies. Second, the Mapping component which intends
to create a set of mapping expressions according to the cor-
respondences obtained from the matching layer. Finally,
the Mediator Generator component which exploits map-
ping expressions to create data transformation mediators.
Semi-concrete workflows, which combine descriptions of
abstract workflows, resource requirements, and mediators
information, are created in the Semi-Concrete Workflow
Generation Layer. The term ”semi-concrete” here means
that the workflow still 1acks information about which con-
crete computational resources will be used. Due to the dy-
namic nature of grid environments, thisinformation will be
obtained later at run-time. The semi-concrete workflows
are then passed to the Workflow Execution Layer where
they can be executed and monitored over a set of distributed
resources.

This paper focuses on the Workflow Execution Layer
which employs Web Services technology to originate a
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Figure 1. Architecture for WfMS

new distributed execution paradigm for data-intensive sci-
entific workflows. The salient features of such execution
mechanism include: i) support for distributed execution of
workflows, ii) diminution of communication traffic through
reference-based data movement, iii) full control over long-
running applications, iv) dynamic data transformation via
generated mediators, v) support for smart re-run through
data caching, and vi) distributed fault handling and load
balancing. The rest of the paper is structured as follows:
Section 2 introduces our execution paradigm, whereas in
section 3, we discuss a small experiment that we have con-
ducted in order to ensure the functionality of the system and
to highlight its main features. Related work is discussed in
section 4, and finally, the summary and future work are pre-
sented in section 5.

2 New Workflow Execution Paradigm

The Workflow Execution Layer in Figure 1 provides a
new approach for distributed execution of semi-concrete
workflows. The basic idea of this approach is to separate
workflow control and execution flows. It can be realized as
adeployment of abundle of Web Services Distributed Man-
agement? (WSDM) services for workflow management in
every Grid node. This bundle consists of four manageable

2http://docs.oasis-open.org/wsdm/

resources which need be deployed in every Grid node. The
functionality of each of these resources is described in the
following subsections.

2.1 Node Information Resource

The Node Information WS-Resource provides the capa
bility to retrieve information about Grid nodes involving
both relatively static information (such as system config-
uration) and more dynamic information (such as instanta-
neous load). Such service can be used by the scheduler
resource in order to find the best Grid node to execute a
given task according to the task-specific requirements. In
case the current state of all available resourcesis not satis-
fying the task’s requirements, the schedul er subscribesitsel f
to the Node Information service in al available Grid nodes.
Whenever a Grid node updated state satisfies a task’s par-
ticular requirements, its Node Information service notifies
the subscribed scheduler. The Node Information service is
also responsible for updating the Service Catalog. Once a
service is deployed/undepl oyed on the underlying node, the
service sends a notification to the Service Catalog in order
to update its services' table.

2.2 Data Management Resource

The Data Management WS-Resource is dedicated to
reference-based data movement between nodes and au-
tomatic data transformation between heterogeneous ser-
vices. The Data Management service is based on the
OGSA-DAI 3, an open source middleware which connects
data resources to the Grid environment. The main rea
son behind selecting the OGSA-DAI framework is that
data transformation mediators, which are built in our work-
flow management system, are just OGSA-DAI workflows
that combine several atomic data transformation activities
in order to transform the data formats from one service
to another. In our execution paradigm, the output of a
workflow's task is stored in an eXist-db*, an open source
database management system entirely built on XML tech-
nology. The OGSA-DAI wrapsthe XML database and pro-
vides external access to it as a web service. Data move-
ments are done through OGSA-DAI references in the for-
mat “ogsadai_service url@collection_name:document_id”
which consists of three parts: thefirst part isthe URL of the
OGSA-DAI service; the second part is the collection name
in the XML database while the third part is the identifier of
the required document.

Swww.ogsadai.org.uk
“4http://exist.sourceforge.net



2.3 Scheduler Resource

A new Scheduler WS-Resource (workflow’s main sched-
uler) will be created every time a user submits a workflow
for execution. The scheduler coordinates and monitors the
overall execution of aworkflow instance. To achievethis, it
providesthe following capabilities:

Workflow partitioning: The scheduler tries to break a
submitted semi-concrete workflow into subworkflows. The
scientific data model of our system is just an extension of
the XScufl - the workflow description language used in Tav-
erna® [6]. Such extension has been made in order to support
loops, allow users to specify minimal resource (Grid node)
specifications required for the underlying service execution,
and to alow data handling through OGSA-DAI references.
The main partitioning criteria here is that every subwork-
flow has only one remote task/processor (e.g. web services
or Grid services). Each subworkflow will be submitted to
an execution service located on the same Grid node where
the remote service is located. Accordingly, the execution
service will have a full control over the service execution.
Additionally, the scheduler constructs a dependency table
which determines the data and control dependencies be-
tween subworkflows. An exampleof a partitioned workflow
isshownin Figure5.

Just-in-timeplanning: Gridsarevery dynamicenviron-
mentswherethe availability of resourcesand their load state
can vary from one moment to another. Therefore, the sched-
uler utilizes a just-in-time planning to schedule the execu-
tion of subworkflows. First, it determines which subwork-
flows are ready for execution according to its dependency
table. Then, it contacts the Service Catalog to retrieve a
list of currently available Grid nodes for each remote task
(Web/Grid service). In case that there are more than one
resource satisfying the task’s requirements, the scheduler
gives a higher priority to the Grid resource where the task’s
input datais located, if such node existsin theretrieved list.
Otherwise, it selects the best satisfying resource.

Monitoring the execution of subworkflows: For ev-
ery subworkflow, the scheduler creates a new Task WS
Resource on the Grid node selected during the planning
phase and submits the subworkflow for execution. The
scheduler also subscribesitself to the execution state events
produced by the Task service. Once the scheduler receives
an “ execution completed” event, it extracts the subwork-
flow’s output OGSA-DAI references from the event, up-
dates the dependent subworkflows' inputs with these refer-
ences, updates the dependency table by removing all depen-
dencies forced by this subworkflow, and starts a new plan-
ning phase for subworkflows not yet executed.

Fault Handling: In the event that the scheduler does
not have any execution event from a monitored Task ser-

SStarting from version 2.0, Taverna uses a different language
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Figure 2. Sample Input Segment

vice after afixed time-out, the schedul er first triesto request
a progress report from this service. The lack of response
means that there is a problem either with the Grid node it-
self or with its deployed Task service. Such problem can be
solved by rescheduling this subworkflow on adifferent Grid
node. Moreover, the scheduler notifies the Service Catalog
about the new node status. Hence, the Service Catalog up-
dates its services' table in order to prevent other partners
from selecting the broken node in the future.

Checkpointing: After the execution of each subwork-
flow, the scheduler stores a snapshot of the current execu-
tion state. These snapshots can be used later on to resume a
computationin case of failure. Such afeatureis very impor-
tant, especially in our case where workflows contain several
long running tasks (e.g. simulation systems).

2.4 Task Resource

A new Task WS-Resource will be created by the main
scheduler for every subworkflow that needs to be executed.
The Task service is responsible for the actual execution of
the submitted subworkflow.Our workflow specification lan-
guage is based on the X Scufl, whereas the core of the Task
service is based on the freefluo engine® which is the Tav-
erna’s workflow enactor. In order to execute a submitted
workflow, the Task service follows the following sequence:

Input preparation: For every input found in the work-
flow description (see Figure 2), the Task service creates a
new thread which performs the following steps in order to
retrieve the required input:

1. If the workflow description indicates that a mediator is
needed to transform the input data to the format of the
underlying service, the thread contacts the Mediator
Catalog and retrieves the indicated mediator which is
represented as an OGSA-DAI workflow.

2. Constructs an OGSA-DAI workflow which should be
submitted to the Data Management service located on

Shttp://freefluo.sourcefortge.net



the source node in order to apply the required trans-
formation and to reterive the transformed data. The
data transformation framework remains under devel-
opment; it should later provide a Transformation Anal-
ysis Tool which can be used to analyze the transfor-
mations in order to determine where it should be per-
formed.

Execution of the workflow: The Task service waits until all
threads are completed, prepares an input list and starts the
workflow execution. Before the execution of the underly-
ing service (e.g. a simulation service) is started, the Task
servicefirst checks whether a cached output for its givenin-
put is available. Thisfeature helpsto achieve smart re-run,
since scientists generally tend to change few parameters of
their model and re-execute their workflows. In this case,
only those services with modified parameters will be re-
executed. The user is able to force the system to re-execute
aservice evenif exists a cached output for its given input.

Output caching: The Task service asks the local Data
Management service to store the workflow’s output. The
Data Management service saves the output of the underly-
ing service and maps it to the MD5 fingerprint [8] of the
given input. Then, it stores the final workflow outputs and
generatestheir OGSA-DAI references.

Notifying the scheduler: Finally, the Task service no-
tifies the main scheduler by sending an “execution con+
pleted” event, containing the output references.

During the workflow execution, the Task service gath-
ers provenance information. In the future, we will record
this information in a data catalog. Moreover, the Task ser-
vice provides distributed fault handling and load balanc-
ing mechanisms. For instance, if the underlying serviceis
broken or the Grid node is heavily loaded, the Task ser-
vice can create a local scheduler instance in order to find
anew Grid node whereto the subworkflow could be trans-
ferred. Then, it notifies the main scheduler about the newly
selected Grid node so that it can subscribe itself to the sub-
workflow’s execution events. In case of a broken service,
the Task service also notifies the Service Catal og about the
new service status. Hence, the Service Catalog updates its
services' table and sends a natification to the Grid admin-
istrator in order to report a failure. In order to illustrate
how services on different nodes collaborate together, figure
3 shows a sequence diagram for an execution scenario of a
single subworkflow. In this scneario, the input required by
the workflow is located in Nodel.

3 Experiment

The validity of the concepts presented in this paper have
been proven on a small use case from the GLOWA Volta
project. Figure 5 shows a workflow for the use case "Best
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Figure 3. Wf. Execution Sequence Diagram

source of irrigation water" [9]. In this use case, decision
makers try to choose the most efficient source of irrigation
water in order to attain the optimal profit within a given
catchment. In order to achieve this, the use case integrates
three simulation systems. The main system is an economic
optimization model coded in GAMS [1] which seeks to
maximize the economic value of available water resources.
To be able to deal with complex hydrological systems the
model is coupled with a physical hydrology model, which
was provided in WaSM-ETH [4]. The input of the hydro-
logical model is based on a climate model coded in MM5,
aswell asland-use data collected, refined, and stored in one
of the project’s avail able databases.

The use case has been executed over a small Grid envi-
ronment with nine Grid nodes (Figure 4). Two Grid nodes
represent our global servicesfor the Service Catalog, where
services' availability information can be retrieved, and the
Mediator Catal og, where data transformation mediators can
be obtained. Six nodes with a set of GRIA” job services
were used as execution nodes. The last node was used to
submit our workflow to the main scheduler (MS) which is
responsible for the workflow management. The workflow
was annotated with aset of services' requirements(e.g. OS,
CPU speed ...etc) in order to forcethe MSto select a specific
node for every service merely for testing purposes.

First of all, the MS breaks the workflow into subwork-
flows and builds its dependency table (Figure 5). Accord-
ing to the created table, subworkflows swf 1 and swf 2 are
ready for execution. The MSthen contacts the Service Cat-
alog and retrieves the list of available nodes for MM5 and
Land Use Data services. Consequently, the MS submits
swf_2to Node 6 asit isthe only one available for the Land

Twww.gria.org
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Use Data service, and swf_1 to Node 3 according to the
MMS5 service's requirements annotated in the workflow and
the nod€’s current state retrieved through the Node Infor-
mation service. Since Node 3 is aready broken, the MS
should not be able to submit the swf_1 subworkflow. In this
case, the MS uses the cached list of avaliable nodes for the
MMS5 service and re-submit the swf_1 to Node 4. A com-
plete run of the MM5 service requires a minimum of one
week. During thislong period, the Task service on Node 4
is responsible for monitoring the service's execution, and
sending progress reports to the MS. Depending on these re-
ports, the user can steer or terminate the service's execution.

After receiving “ execution completed” events from the
two submitted subworkflows, the MS updates its depen-
dency table and performs the same procedure in order to
submit the subworkflow swf_3 to Node 4. The MS assigns
a higher priority to Node_4 since the input needed from the
MMS5 service is already available there. Then, the Task ser-
vice in Node_4 prepares the input for the submitted sub-
workflow by retrieving the input provided by the Land Use
Data service, contacting the Mediator Catalog in order to
retrieve mediators required for data transformations, and
applying the obtained mediators over the data. Afterwards,
The Task serviceinvokesthe underlying service and discov-
ersthat the serviceis not working. In this case, the Task ser-

vice creates alocal scheduler in order to find another node
to which the subworkflow should be re-submitted. Mean-
while, the Task service notifies the Service Catalog of the
new service's status. Based on the task’s requirements, the
local scheduler selects Node 5 to submit the subworkflow
to it. Finally, the Task service on Node_4 natifies the MS
of the new selected node. Conseguently, the MS subscribes
itself to the subworkflow’s events produced by the newly
assigned node.

Similarly, the MS submits the last subworkflow swf_4 to
Node 5. After receiving the “ execution completed” event
for the last subworkflow, the MS downloads and prepares
the workflow's final output for the user. An execution
progress report is additionally provided. This report pro-
videsinformation regarding the location and the duration of
the execution of subworkflows. In addition, it reports about
eventua failures, aswell as rescheduling of tasks, that took
place during execution. According to the results obtained
during the first workflow run, the workflow's GAMS task
was updated and re-submitted. The second workflow run
completed within few minutes, since the output from the
MMS5 and the WaS M services was obtained from the cache
without the need to re-execute the simulation services. This
small experiment ensures the functionality and the core fea-
tures of the discussed execution paradigm. Nevertheless, a
large-scale test bed involving more complex workflows is
underway to conduct a comprehensive testing for our sys-
tem and to compare its performanceto that of other existing
workflow management systems.

4 Related Work

We have previously evaluated a set of workflow manage-
ment systems [10], including Taverna [6], Triana[11] and
Kepler [5]. The final outcome of this evaluation indicated
that these systems are still in need of extrafeaturesin order
to be able to handle the complexity of scientific applica
tions. For instance, Taverna and Kepler are based on cen-
tralized workflow execution engines and they lack abstract
dataset types. Computational resources need to be explic-
itly specified and organized. Distributed execution is only
supported by Triana; however it still lacks load balancing
and strong fault handling mechanisms. Features such as au-
tomatic data transformationsor data caching are hardly sup-
ported by any of the compared systems. Alongside the sys-
tems evaluated in [10], we discuss here two other systems
which are similar to our work in their attempts to schedule
large scale computationsin distributed environments.

Pegasus [2] is designed to map abstract workflows onto
the Grid environment. Pegasus proposesajust-in-timeplan-
ning method which takesinto account the dynamic nature of
the Grid by splitting the workflow and scheduling the dif-
ferent parts immediately prior to their execution. Concrete



subworkflows are executed over the Grid through the cen-
tralized Condor’'s DAGMan® meta-schedul er which submits
jobs to Condor-G [3] for execution.

Swift [13] is another system for the management of large
scale scientific workflows. It offers the SwiftScript script-
ing language for specification of complex workflows. Swift
programs are converted into abstract computations plans,
which can be scheduled for execution by Cog Karjan [12],
a centralized execution engine which offerslibrariesfor job
scheduling, data transfer, and Grid job submission. Swift
also integrates Falkon (Fast and Lightweight Task Execu-
tion) framework [7] which supports an efficient execution
of large numbers of small tasksin Grid environments.

The main difference between our approach and these two
systems is that they use one main scheduler and integrate
specialized execution environments (e.g Condor-G) for dis-
tributed execution. On the other hand, our WfMS deploys
severa schedulers and executors on available Grid nodes.
As previously shown, this paves the way for full control
over the remote service execution. In addition, distributed
load balancing and fault handling are also possible. Fur-
thermore, our approach integrates the OGSA-DAI middle-
ware for reference-based data movement and dynamic data
transformation. Last but not least, smart re-run is provided
through data caching and checkpointing mechanisms.

5 Conclusion and Future Work

In this paper we have presented anew approach for an ef-
ficient execution of data-intensive scientific workflows. Al-
though we have not yet performed aforma comprehensive
study, it isevident from our preliminary testing that our new
approach provides several concrete benefits. Using princi-
ples of decentralized execution of workflows and reference-
based data movement, the proposed approach sufficiently
reduces the communication traffic between services. Since
the execution of workflows is performed by the local exe-
cution service that lie in the same host as the target appli-
cation, full control over the application’s service isfeasible.
The execution paradigm also integrates transformation me-
diatorsin order to provide dynamic datatransformation. On
the service level, a distributed fault handling mechanism is
supported by the local scheduler located on the same host
where the broken service is located. Distributed load bal-
ancing can also be achieved through local schedulers avail-
ableon different Grid nodes. Last but not least, data caching
and checkpointing provide support for smart rerun, where
only modified tasks will be actually re-executed.

Our next god is to improve the system usahility, func-
tionality, and reliability. First of all, the Transformation
Analysis Tool needs to be developed, thus allowing to de-

8www.cs.wisc.edu/condor/dagman/

termine where the analyzed transformations should be per-
formed. Thiswill enrich the functionality of the Data Man-
agement service. Another aspect that we have noticed isthat
reference-based data movement is not enough to consid-
erably reduce the communication traffic between services.
Thisfact is due to the nature of scientific workflows where
the output of a single task can be rather huge. In order to
solve this problem, we study the possibility of supporting
code movement rather than data movement. Another impor-
tant step isto benchmark our system componentswith large
scale workflow runs. In addition, in order to increase the
reliability of our system, we plan to provide a distributed
workflow management capability by involving more than
one scheduler in the process of workflow management and
coordination. From the usability point of view, we need to
build an advanced workbench for monitoring and steering
of particular subworkflows.
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