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Abstract. The GENIE project has built a Grid enabled framawathat

facilitates the integration, execution and managgmécomponent models for
the study of the Earth system over millennial tiosdss. The existing
framework supports collaborative study of GENIE misd across
heterogeneous compute grids through scripted wewkfl in the Matlab
environment. In this paper, Windows Workflow Foutiola technologies are
applied to demonstrate the benefits of an envirarinibat provides rapid
composition, event driven logic and reliable hagtof scientific workflows.

These improvements are demonstrated through a parenstudy of bi-

stability of the oceanic thermohaline circulationai GENIE model.
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1. Introduction

E-Science applications are usually composite systémt involve collaborations

among various computational resources and softwameponents in a distributed,

heterogeneous environment. Workflow technologieghsecome a key element to e-
Science systems, which help to orchestrate inferactvith services so that they are
seamlessly knitted together to implement the dddighaviour of the system.

A typical example of such an e-Science system @afobnd in GENIE [1]. The
GENIE project has developed a framework for the mosition, execution and
management of integrated Earth system models. Coempocodes (e.g. ocean,
atmosphere, land surface, sea-ice, ice-sheetsedibgmistry, etc.) of varying
resolution and complexity can be flexibly coupleddther to form a suite of efficient
climate models capable of simulation over millehtimescales. The project brings



together a distributed group of environmental st with a common interest in
developing and using GENIE models to understandetdnth system. Grid computing
technology supports the virtual organization tdatmbratively study the models from
the framework.

Earth system simulations are both computationatiyf data intensive processes,
often consisting of a discrete series of steps. GENIE framework has been
designed to support running of such simulation@ssmultiple distributed data and
computing resources over a lengthy period of tilbehas therefore put rigorous
requirements on the selection of workflow techn@edor GENIE.

The recently released Microsoft Windows WorkflowuRdation (WF) [2] is a
general, extensible framework for developing wanflsolutions. As an integral part
of the .NET Framework 3.0 [3], WF provides a comnaevelopment model for
creating workflows, a set of tools that facilitateorkflow design, and a robust
workflow hosting environment. It also allows seassléntegration with other .NET
technologies to provide support for distributed cmmication and rich user
experiences. We have therefore applied WF to th&ll&Hramework to provide a
solid base for the design and running of Earthesysdimulations.

In this paper we discuss and demonstrate how theidstihologies are applied to
build efficient and flexible workflows for runningarth system simulations based on
the GENIE framework. In section 2 we describe thecfions of the GENIE
workflows and explain why the attempt has been madadopt WF technologies.
Section 3 gives a detailed summary of the featofed/F. Section 4 describes the
design and running of our WF based GENIE workfld®esults from a scientific
study of bi-stability in the thermohaline circutati (THC) in a GENIE model,
undertaken using our WF based system, are presémtedction 5. We draw our
conclusions in section 6.

2. Workflow in the GENIE Framework

The GENIE framework has been designed to faciliteddlaboration between a
distributed team of environmental scientists tofgren large ensemble studies of
Earth system models that would be impossible fsingle user. In contrast to system
likes GridSolve [4] and Nimrod/G [5], in which a rteal manager controls all
available resources and makes decisions about whessign work units, the GENIE
framework devolves responsibility for the managenodrwork units to the client side,
and pools compute resources contributed by mendfelre project to carry out large
parametric studies. A central shared database sibtefrom all clients has been set
up to provide the means to upload model configongtiand experiment definitions,
and be queried against to find available work units

A GENIE workflow running at the client side is tkésre responsible for the
following tasks when contributing to a particulsudy:

- Querying the central database for available woiksun

- Submitting the work units to the compute resouspeified by the user.

- Monitoring the status of the submitted jobs; refng and checking the results
once jobs are finished.



- Post-processing the results and saving them iddkebase.
The workflow runs until there is no work availabde,it is terminated by the user.

Presently, the GENIE workflow is implemented usititge Matlab scripting
language and is hosted in the Matlab environmemilééimplicity and flexibility are
achieved through scripting, a few problems remdihe scripting approach for
workflow tends to be less efficient when dealinghnéxternal events. When running
a GENIE simulation, the user needs to keep runtfiegscript all the time and query
the central database periodically to find work iseraubmit and monitor jobs, and
post-process data from completed work items. Timervals between two scheduled
tasks can only be set in a speculative mode. Evarth as new work units being
added and compute tasks completing are unlikelyetthandled efficiently. Callback
mechanisms or publish/subscribe mechanisms wouldatbeoptimal choice for
improvement. For example, the database could gubimwv work as it becomes
available and the clients would subscribe for thegents. However, it is difficult to
make such modifications in the current scriptingiemment.

Another problem with hosting workflows in the sdhiyg environment is the lack
of support for persisting state of the workflow. Nght is possible for the users to
manually save some of the state information, regjathe running of a workflow in
the cases of a system or network failure is alwdifficult. The GENIE system is
robust to such failures since the experiment stausways defined in the shared
repository but resumption of a study can only b@eaed by restarting the workflow.

Finally, implementing the GENIE workflow in the Malb script ties the system to
a single user environment. It is very difficult nmgrate existing workflows to other
systems. Workflows in scripting languages are #s3 well-structured and might
require individual human knowledge to interpretmodify. This makes it hard to
maintain or to try to reuse the workflow activities

As an attempt to address these problems, we haleited the WF technologies to
develop a dynamic and robust workflow implementatichich actively manages the
operations of the GENIE simulations with improvéficeency and stability.

3. Windows Workflow Foundation

Windows Workflow Foundation (WF) [2] is a Microsofechnology for quickly
building workflow enabled applications. It consistsa programming model, a host
engine and tools for defining, executing, and mamagvorkflows. WF significantly
enhances a developer's ability to model and suppgoghisticated science and
engineering processes. Being part of the receatbased .NET Framework 3.0, WF
can be seamlessly integrated with other .NET telcigies to provide a solid base for
the design and running of Earth system simulations.

3.1 Workflow Design with WF

WEF supports two built-in workflow styles, i.e. semtial workflows, which carry out
a series of operations in a pre-defined patterd, state machine workflows, which
are driven by external events. This enables WF docommodate both the well



structured, automated system workflows and thee€lyosefined, flexible human
workflows. WF adopts a component like approach, rebeach step of a workflow
can be implemented by a specific piece of softvealéed ‘activity’. A base activity
library is supplied which contains a group of pedhded activities most commonly
used in both sequential and state machine workfldisers are also allowed to build
their own customised activities, build new actedtiby aggregating existing ones, and
reuse activities in different workflows.

WF is a general framework not limited to a singdmduage or a single tool.
Workflows can be created using any programming dage that is compliant with
the .NET Framework’'s Common Language Specificateuth as C#, Visual Basic
and Visual C++. In addition, WF supports definingrisflows in XAML (eXtensible
Application Markup Language) [6], an XML based attj@itialization language, so
that different workflow designers can be used toegate or parse WF workflows.
WEF also provides its own graphical designer, uguadisted in Visual Studio 2005, to
support visual design of workflows.

3.2 Workflow Hosting with WF

WF workflows can be hosted in any Windows procesgjing from simple console
applications to large, sophisticated enterpriseises. The workflow execution is
carried out within the WF runtime engine, which\pdes important services, such as
persisting workflow state, tracking the executiamd supporting transactions. The
WEF runtime can make decisions to unload long-rugpnirorkflows that have been
inactive for a period of time, and load them badiew necessary. It also works as a
proxy for all interactions between the workflow agxternal software, including Web
services, in an asynchronous style.

Being an integrated part of the .NET Frameworks jpossible for WF workflows
to take advantage of other Microsoft technologiescluding Windows
Communication Foundation (WCF) [7], Windows CardSpB] and MS SQL Server
2005 [9] to address problems such as communicatian distributed environment,
federated security control and data access. Agjaicaf some of these technologies
together with WF can be found in our work on thetEaystem modelling workflows,
which is discussed in the following section.

4. A Composite Workflow for GENIE Simulations

A number of key components have been developethéoGENIE project to facilitate
the running of Earth system simulations. Theseuihela shared database hosted in
Oracle 10g which contains the definitions, stated eesults of the experiments, a
number of gateway systems to integrate computeuress from different HPC
platforms including Microsoft Cluster Computing $er [10], Condor [11] and
Globus [12], and a shared file store managed byguiie Geodise Toolkit [13]. In
order to bring these components together in a sisgstem that manages the Earth
system simulations, a composite workflow has beaplémented using the WF
technologies. Figure 1 shows the structure of thliebased Genie system.
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Figure 1: The Complete Structure of the WF based GENIE Sitinfie&System.

The Genie WF workflow implementation automatesdperations and interactions
on the system components. It is a sequential warkthat consists of a while loop
activity which contains a single parallel asynctmas event listening activity that
waits for the following changes in the state of experiment: newly specified
resources, changes of job states and completiomodf item post-processing. This
not only provides a more responsive solution tHan dcripting based approach of
polling, but also achieves better efficiency andusiness of the system by allowing
the runtime to persist workflow instances in a Hdate and unload them during
periods of idleness. All of the asynchronous evangsindications that either compute
resources have become available or subsequent @ms are now available.
Consequently, a find work activity is performedeafany one of these events has
occurred. Figure 2 shows the main part of the desfghe GENIE workflow.

The Genie workflow employs a set of external dateahange services that run
within the workflow runtime. These services provittee means by which events
occurring within the experiment system are passtathe workflow. When compute
jobs are submitted, the workflow registers theaniifiers with the Job Service which
is responsible for monitoring the jobs’ runningtates. The Job Service notifies the
workflow instance of changes to the job statusibigd a batched ‘jobStatusChanged’
event. In addition, the Job Service also performgnehronous post-possessing of
results from completed jobs when the workflow reesia ‘jobStatusChanged’ event
of either ‘Completed’ or ‘Failed’. Another externalata exchange service, the
Resource Service, allows the users to instructvwkflow to create new experiment
work units by registering additional compute resesrwith it.

5. Earth System Simulation with WF

To demonstrate the WF based GENIE system, we repegstematic 2-parameter
study of bi-stability in the Atlantic thermohalingrculation [14] using a higher
resolution version of the GENIE model. The studyestigates the C-GOLDSTEIN
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Figure 2: Design of the GENIE workflow in the WF Designer vifisual Studio

composition referred to agenie_ea go_gs in the GENIE framework nomenclature,
which consists of a 3D frictional geostrophic oceamipled to a simple 2D energy-
moisture balance model and a 2D sea-ice compoméetstudy seeks to investigate
the properties of the Atlantic Thermohaline Cir¢iala as a function of two of the key
parameters that dominate atmospheric moisturepgoahi the model:

- FW,: Zonal moisture transport from the Atlantic to ®acific.

- Kg Atmospheric moisture diffusivity - principally otols meridional

moisture transport between the equator and poles.

A systematic sweep over a range of values for tipasameters was undertaken.
Each simulation was integrated over 4000 yearsnsure an equilibrium state was
achieved. The individual model runs each requinepraximately 2 hours compute
time on a typical desktop. With the benefit of kiesdge of the behaviour of the
model at a lower resolution we chose to perforno@ser sampling of the parameter
space (11x11 as opposed to 31x31) than the originaly. The initial parameter
sweep therefore required approximately 242 houoofpute time.



The WF based GENIE system has been used to rdmesatudy of Marsh et al. using
a 16-level seasonal version of thenie ea_go_gs model. Having provided a coarse
mapping of the behaviour of the Atlantic THC in tmedel, the study proceeded by
performing two further identical parameter sweeping models with different
boundary conditions. These secondary ensemblesrpefl identical model runs
initializing the models using particular end-stafresn the initial ensemble. Such runs
are designed to investigate whether there are dinthe parameter space of the
atmospheric water transport properties for whické dguilibrium THC state of the
model is dependent upon its initial conditions.Marsh et al. nine end-states were
taken from the extremes of the parameter spaceat@ls for bi-stability. In this study
we perform just two secondary ensembles usingtidestates from the “top-left” and
“bottom-right” points (Figure 3 (c)) which repre¢ehe extreme “off” and “on” states
in the THC respectively. Following the coarse alitmapping the parameter space
was further refined through the addition of anothé® (10x10) members to each
ensemble. An interactive plot of the results wasntlexploited to add further
ensemble members in the emerging regions of bitgyaim the THC to focus further
work in the most appropriate locations.
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Figure 3: Study of bi-stability in the Atlantic Thermohalir@&rculation. a) Summary
of distribution of compute jobs across the compaotetl grid, b) distribution of
compute jobs in the parameter space, c¢) Strengthasimum Atlantic Overturning
Circulation in the initial parameter sweep and djraw region of bi-stability in the
parameter space.



The results of the bi-stability study are preseniedFigure 3. Figure 3 (a)
summarises the resource usage in performing thialisnsemble. The distribution of
compute jobs broadly reflects the relative numloéisingle concurrent compute tasks
that the schedulers on each system allow to aesinger. The distribution of
simulations across the resource pool is plottetthénparameter space in Figure 3 (b).
The user additions of model runs are focused atbadcliff-edge” of THC collapse
(Figure 3 (c)) where a narrow region of bi-stapilémerges (Figure 3 (d)). It is
evident that further runs will be required to fullgsolve the extent of the bi-stable
region. First indications are that the newly turiggtlevel model has a narrower
region of bi-stability than the original 8-level ohe [14]. A more detailed study of
the parameter space and analysis of the resultbevthe subject of future work.

6. Summary

In this paper we discussed and demonstrated hoWthéows Workflow Foundation
technologies can be exploited to implement scientforkflows for e-Science
systems such as GENIE. We reviewed features of &¢hnblogies and explained
how they have been deployed in the GENIE frameworKacilitate coordinated
operations among various distributed componentscalaborative study of bi-
stability in the thermohaline circulation of an ieint climate model has been
performed to demonstrate the running of the WF h&ENIE system.
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