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SUMMAR Y

The GriPh yN Virtual Data System pro vides a suite of comp onen ts and services for
data-in tensiv e sciences that enables scien tists to systematically and e�cien tly describ e,
disco ver, and share large scale data and computation resources. W e describ e the design
and implemen tation of such middlew are services in terms of a virtual data system
in terface called Chiron, and presen t virtual data in tegration examples from the QuarkNet
education pro ject and from functional-MRI-based neuroscience researc h. The Chiron
in terface also serv es as an online \educator" for virtual data applications.
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In tro duction

Next-generation data-intensive applications pose unprecedented demands on information
technology. Communities of usersdistributed worldwide needto extract information from large
collections of data, and would like to share and reuseboth data products and the resources
neededto produce and store those data products [1, 2].

So-calledvirtual data mechanisms virtualize data with respect to location, representation,
and materialization. A commondata model is usedto describe data typesand representations,
and the recipesfor derivations of data are speci�ed in a declarative manner. Requestsfor data
products can be transparently mapped into computation and/or data accessoperations across
multiple Grid computing and storagelocations [3].
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The GriPhyN Virtual Data System, VDS, [4] implements such virtual data mechanisms.
De�nition and query operations are expressed in a virtual data language (VDL), and
information about data and computational procedures is stored in a virtual data catalog
(VDC).

VDS has been applied to a variety of data-intensive applications, including physics event
simulation [5], galaxy cluster �nding [6], genomeanalysis[7], and biomedical imageanalysis[8].
However, the initial virtual data interfaces (a Java API with command-line wrappers),
while powerful for scripting-level integration, proved cumbersomefor both deeper application
integration and direct end-useruse.Many usercommunities want both to integrate virtual data
capabilities more deeply into scienceapplications and to encapsulatethe tasks of setting up
and con�guring the virtual data systemand its associated grid compute and storageresources.
End usersneedan interactive environment in which they can easily discover and sharevirtual
data products, composework
o ws,and monitor work
o w executionsacrossmultiple grid sites.

These considerations have led us to develop, apply, and evaluate a set of interfaces that
provide more powerful accessto virtual data system data structures. On top of these, we
developed the Chiron portal for convenient interaction with the virtual data system. Chiron
allows usersto:

� manageuser accounts and track user activities;
� describe and publish applications and datasets;
� discover, validate, shareand reuseapplications and datasetspublished by other users;
� con�gure and discover Grid resources;
� composework
o ws and dataset derivations;
� executework
o w either locally or in a Grid environment and monitor job progress;and
� record and query provenanceinformation.

With these enhancements, the virtual data system provides both user-level and service
(middleware)-level functionalit y that portal users can integrate to build customized virtual
data interfacesfor speci�c user communities and scienceapplications.

The rest of this paper is organizedas follows. We �rst brie
y review the GriPhyN Virtual
Data System and Virtual Data Languageand then describe the Chiron system architecture.
Next, we talk about the dimensionsof the virtual data discovery spaceand then present virtual
data integration examples from the QuarkNet project and from functional MRI (Magnetic
ResonanceImaging) experiments. We also describe our work on dataset type and dataset
iteration, and lastly we comparewith related work and draw our conclusions.

This paper builds on and extends an earlier paper [9], updating its description of various
system components and detailing the mechanismsusedto organizeand accessdatasets.

VIR TUAL DATA SYSTEM

VDS supports the description, discovery, and reuseof information on how data is derived by
computations. A common data model is used to describe datasetsand procedures.This data
model de�nes representations for information about datasets, transformations, derivations,
invocations, and metadata.
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A dataset is a unit of data managedby VDS, and is associated with a type. A transformation
(TR) is a typed de�nition for a computation procedure,which takescertain typesof datasets
as inputs and outputs. A compound TR can be de�ned to comprise other TRs in an acyclic
fashion; a derivation (DV) instantiates a TR by giving the actual arguments and other
necessaryinformation, a DV record can serve both as a historical record of what was done
and as a recipe for operations that can be performed in the future; an invocation (IV) is the
actual execution of a DV. Datasets can be replicated at multiple locations for performance
and availabilit y purposes,and IV keeps track of the speci�c replicas used or produced in
the execution. Datasets and transformations can be annotated with metadata (attributes) to
facilitate discovery, accessand composition.

Virtual Data Lifecycle

The virtual data lifecycle beginswhen a virtual data de�nition, described in VDL, is entered
in the VDC. This de�nition can then be discovered by virtual data query operations, and the
associated scienti�c analysis procedurescan be executedand validated. New algorithms and
procedurescan be derived from the knowledgegathered; another round of the lifecycle starts
when the derived virtual data is published into the VDC or recordedby VDS.

Virtual Data API

In our earlier development of VDS, we only provided users with a limited set of command-
line interfaces. These interfaces limited the applicabilit y of the system since only speci�c
functionalities were exposed. Subsequently , we have de�ned and developed a complete set
of Java APIs so that userscan have �ne-grained control over the system, integrate VDS with
their own applications and analysis environments, and build virtual data servicesand portals
basedon the APIs.

This virtual data API provides support for:

� systemproperty setup such asdatabasebackend/driv er con�guration, schemalocations,
and logging;

� VDL conversion and parsing, i.e., conversion betweentextual and XML syntaxes;
� VDC manipulation, i.e., support for inserting, updating, deleting, and searching virtual

data in the VDC;
� querying and editing the catalogs that VDS maintains for mapping logical to physical

entities;
� Grid resourcemanagement;
� work
o w composition, execution, and monitoring; and
� provenancetracking.

These interfaces allow customized implementations for certain components. For example,
we implement a number of database backends that variously support �le-based, relational
database,and nativeXML databasestorage,all conforming to the databaseinterface.Similarly,
the site selection interface allows developers to enforce Grid site selection policies. The API
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Figure 1. Chiron System Achitecture

also makesit easyto develop and deploy portals, and to integrate VDS into speci�c scienti�c
domains.

CHIR ON SYSTEM AR CHITECTURE

The Chiron portal is an exampleof a systemimplemented in terms of our virtual data system
APIs. The Chiron implementation combinesthoseAPIs and libraries with standard commodit y
Web technologies, databases,and Grid technologies. We show the system architecture in
Figure 1.

A Chiron client only needsa Web browser that supports SSL for security, DHTML and
Java scripts for interactivit y, and cookies for customization. The Chiron server comprisesan
ApacheTomcat Webserver, Java Server Pages(JSP), the virtual data systemAPI and libraries
(jar �les), backend databasesfor the virtual data system, GraphViz for graph visualization,
work
o w enginesfor local and Grid execution, and Condor-G [10] for Grid job submissionand
execution.

Chiron also usesthe open sourceApache Axis SOAP toolkit to provide SOAP-based Web
servicesinterfaces to the underlying virtual data system. Chiron is con�gured to start Axis
automatically and the Axis servlet listens on http://lo calhost:8080/chiron/services.
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System Con�guration

The Chiron portal codeand libraries aredeployed into a Tomcat servlet engine.Chiron extends
the VDS \prop erties" �le to con�gure various runtime parameters,such asdatabasedriver and
schema, MDS (monitoring and discovery service) [11] and RLS (replica location service) [12]
host information, �le transfer mode, logging options, and scheduler-speci�c con�guration.
Backend database support is provided by a uniform data management interface on top of
JDBC that leveragesJava re
ection and dynamic class loading to make multiple database
management systemsavailable transparently to the higher-level code.

User Managemen t

All portal usersmust create a user account and should have a valid Grid certi�cate. We use
user ID and password authentication via secureHTTP connections, so that the client side
only needsa Web browser to accessthe portal. Di�eren t usersare assigneddi�eren t roles at
the portal, such as guest, administrator, and super user, and di�eren t levels of controls are
associated with each di�eren t role. The portal alsokeepstrack of sessionsand userpreferences.
User activities are tracked as provenancedata in the VDC, where analysis patterns could be
uncovered by leveraging data mining approaches.

Job Submission

Onceusershave registeredand published data derivation recipesin the VDC, they can request
that thesevirtual datasetsbe materialized. We term the processof mapping theserequeststo
the execution of computation procedures\planning" as it is suggestive of query planning in
databasesystems.Following a request,the virtual data system�nds all datasetsand procedures
required to derive the requesteddataset, and generatesan \abstract" derivation work
o w -
abstract in the sensethat it is not tied to speci�c executables,dataset replicas, or grid sites.
This work
o w is represented in an XML format that can be interpreted and executed by
di�eren t planners and work
o w engines.

Chiron supports two di�eren t planners. The local planner takes a work
o w de�nition and
producesa multi-lev el shell script that invokes the required graph of programs. This planner
is designed to run derivations on a single host and thus is useful for initial debugging of
applications and for determining whether speci�c errors are causedby the Grid, virtual data
system, or the application.

The PegasusGrid planner [13] usesinformation from the Grid information service(MDS)
and replica location service(RLS) to convert the abstract plan into a concreteexecution plan.
That concrete plan is then submitted to DAGMan and executed on remote Grid sites via
Condor-G and Globus. A Grid site usually has compute elements (CEs) managedby a local
scheduler (Condor, PBS, LSF, etc), and storageelements (SEs) accessedvia GridFTP .

The portal also displays execution progressand job status once the work
o w is converted
into a concrete plan and executed. Upon successfulcompletion, requested datasets can be
displayed as imagesor text, if their format permits.

Copyrigh t c
 2000 John Wiley & Sons, Ltd. Concurr ency Computat.: Pract. Exper. 2000; 00 :1{7
Prepared using cpeauth.cls
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W ork
o w Visualization

Chiron usesGraphViz, a graph drawing tool developed by AT&T Laboratories, to visualize
work
o ws. The XML representation of a work
o w is �rst converted into GraphViz's \dot"
format, and then transformed into a displayable image. Somesamplework
o ws are presented
in Figure 3 and Figure 4. Parallelograms and ellipses represent datasets and computation
procedures, respectively. When displayed in Chiron, a user can click on a dataset node to
show all derivations that processthe dataset; clicking on a procedure node displays detailed
information about the corresponding transformation. Thesegraphs provide insights into both
individual stepsand the work
o w processin the large.

W eb Services In terface

While the VDS Java API provides a powerful interface, it is suitable only for programatic
integration. However, many sciencecommunities require deeper integration of virtual data
capabilities into their applications and problem-solving environments, and the encapsulation
of system setup and grid resourcecon�gurations. The Chiron servlet and JSP scripts expose
higher level functionalities and facilities for portal and Web interface development.

Chiron also provides a Web service interface for more 
exible, loosely-coupledintegration.
This interface is provided via an embedded Apache Axis toolkit. A set of virtual data Web
servicesis deployed in the Axis engine, which provides the same functionalities as the JSP
pagesfor virtual data discovery, composition and integration. The serviceclient stub classes
have beengeneratedfrom the WSDL servicedescription and distributed with the portal, but
other Web servicesinvocation mechanismscan be usedto communicate with the services.

This combination of VDS API, service-oriented JSP scripts, and Web services interface
allow the Chiron portal to provide sciencecommunities and applications with a suite of Grid
middleware services,of di�eren t levels and granularities, to explore the power of virtual data
and Grid computing.

VIR TUAL DATA DISCO VER Y

The two keysto virtual data reuseand sharing are e�cien t description and discovery. To this
end, Chiron allows users to search the VDC for virtual data entities along three di�eren t
dimensions: namespaceand/or attributes, metadata annotations, and provenance history.
De�nition namespacesorganizevirtual data proceduresinto a structured hierarchy; metadata
associates arbitrary annotations with virtual data products; provenanceinformation records
the derivation lineageof virtual data products.

De�nition

A de�nition is a declarative speci�cation of some data analysis procedure. It can be either
a transformation (\TR" in VDL), which is similar to a function de�nition in that it de�nes
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Figure 2. Chiron Screenshot

a function name and formal parameters, or a derivation (\D V" in VDL), which acts like a
function call, with the actual parameters(scalarsand data �les) identi�ed [3, 4].

De�nitions can be organized hierarchically using namespaces,which might be associated
with, for instance, institutions, projects, groups, or users.Chiron displays VDL de�nitions in
a tree view that can be customizedto show namespaces,transformations, and/or derivations
(Figure 2). A user can explore di�eren t namespacesand display the detailed de�nitions of
each transformation and derivation by exploring the tree. De�nitions can also be shown in
VDL [3, 4] for advancedusers.

Chiron also provides a search bar for quick exploration. A user can search for
transformations, derivations, datasets, and metadata using keyword and wildcard searches.
Thesede�nitions provide an interface-level understanding of data analysis procedures.

Metadata

Metadata annotation is essential to facilitate the discovery and understanding of the datasets
and proceduresstored in the VDC. We allow annotations to be associated with �v e categories
of virtual data objects: datasets, transformations, derivations, parameters, and the nested
calls in compound transformations. (A compound tranformation consistsof a graph of calls
to other transformations.) Annotations are represented by tuples of the form (attribute name,
type, attribute value), where type can be integer, 
oat, string, date, or boolean.
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Metadata about a datasetmight include cataloging information, such asdescription, creator,
creation date, and publisher; content information such asdata format, structure, and size;and
provenanceinformation, i.e., how data is acquired, transformed, and transferred. For code and
procedures,besidesinformation about their inputs and outputs, and execution environments,
metadata might describe functionalit y, prerequisites,and parameter constraints.

We de�ne a metadata query languageto search for virtual data objects that have speci�c
metadata. A user doesnot needto specify the typesof the attributes being searched: a query
parser takescare of type conversion and parsesit into an abstract syntax tree, which is then
optimized and translated into SQL or, if available, XML XPath or XQuery statements. The
query statements aresubmitted directly to the backenddatabaseand the resultsare interpreted
and then returned in the appropriate format.

The Chiron portal provides Web interfaces for associating metadata with di�eren t virtual
data objects, displaying metadata about a speci�c virtual data objects, and searching for
virtual data objects with speci�c metadata.

Pro venance

Provenanceinformation captures the derivation history of data [14]. In our case,it consists
of an \in vocation" record for a data derivation, which records when, how, and where the
data is produced, what kind of resourcesare used, and so on. Combined with the abstract
work
o w produced for the data derivation, provenanceinformation givesthe audit trail of the
data production process.A user can usethis information to repeat a derivation, to explain or
validate a result, and so forth.

An invocation record is recorded for each task that is executed within a work
o w. These
recordscan be usedto provide reports on data quality, run time, resourceconsumption, or even
computation anomalies; to re-executepast work
o w or to modify/impro ve future work
o w;
and to answer ad-hoc queries.

VIR TUAL DATA INTEGRA TION

Sciencecommunities and scienti�c applications must often integrate virtual data into an
existing analysisenvironment, a portal or a Webinterface.Chiron facilitates the development of
application-speci�c portals and Webinterfaces,and providesreusablecoreservicesfor accessing
virtual data and Grid resources.We illustrate virtual data integration scenariosdrawn from
the QuarkNet scienceeducation project and a neuroscienceresearch project.

QuarkNet Cosmic Ray Application

The Chiron portal is being applied in the QuarkNet project [15], an NSF- and DOE-funded
project that aims to create a research communit y of physicists, high school teachers and
their students. QuarkNet engagesteachers and students in scienti�c investigations about the
structure of matter and the fundamental forcesof nature. Students learn fundamental physics
asthey analyzelive,online data and participate in inquiry-oriented investigations,and teachers
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GRID MIDDLEW ARE SERVICES 9

join research teams with physicists at local universities or laboratories. Currently , the project
involvessix large experimental physics collaborations, 52 research groups, 158 physicists, 514
high school teachers, and thousandsof students.

The QuarkNet Cosmic Ray Project is an experimental activit y designedto give students
hands-on experience in scienti�c collaboration and discovery. Students learn to construct,
deploy and test cosmic ray detectors, and analyze real-time data gathered by the detectors.
About 40 detectors have been installed in high school classrooms acrossthe U.S. QuarkNet
helps students understand and explore the origin of highly energetic cosmic rays, the source
of their energy, and the cluesthey hold about the early universe.

QuarkNet has created a specializedWeb site and Web interfacesfor scienceeducation [16].
This portal, driven by virtual data middleware, allows students to launch, con�gure and
control remote applications as though they are using a desktop computing environment. The
key requirements for the Web interfaces are to give students the means to a) discover and
apply datasets, algorithms, and data analysis methods; b) collaborate by developing new
transformations and by sharing results and observations; and c) learn data analysis methods
that will motivate and prepare them for a scienti�c career. These requirements match those
for Chiron, but here it is the Web applications that need to interact with Chiron. Thus, we
have encapsulatedrelevant Chiron portal functions into APIs so that theseWeb applications
can integrate virtual data mechanismsseamlesslyinto their framework.

For a speci�c data analysistask, students interact directly with the QuarkNet Web interface,
which in turn accessesChiron servicesto upload data and Perl code, processdata using simple
form-basedtools, annotate and sharedata and results, and createpostersto describe and share
analysis processes.Students can usemetadata queriesto discover each other's work
o ws and
data products.

In Figure 3, we show the customized Web page for a cosmic-ray-shower study. This
study involves a data analysis processthat combines detector and GPS data gathered from
distributed geographicallocations and determineswhether a cosmicray shower hasoccurred in
the sampledperiod and location. The plot is generatedby clicking the \analyze" button, which
sendsthe request to the derivation script in Chiron. The script �rst generatesthe abstract
work
o w (shown to the right in Figure 3), then calls the shell planner to create a concrete,
executablework
o w, and �nally executesthe corresponding graph of analysis code. A link to
a visual rendering of the work
o w graph is returned. Thesestepsall occur transparently: the
user only interacts with the QuarkNet Web page.

Chiron also provides mechanismsto generateapplication-speci�c Web pagesautomatically,
by using HTML templates, transformation de�nitions, and annotations. For example,the title
of a transformation can be rendered into the title of the Web page,default/eligible valuesfor
parameters can be rendered as options, input datasets can be �ltered by dataset types, and
output �lenames can be generatedby context.

Cognitiv e Neuroscience Application

Automated data provenance and work
o w management is a critical requirement for the
functional MRI (fMRI) research communit y [17]. Our virtual data middleware has beenused
to createpopulation-basedatlasesfrom the fMRI Data Center's archive [18] of high resolution
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10 Y. ZHA O, M. WILDE, I. FOSTER, ET AL.

Figure 3. Cosmic Ray Shower Study

anatomical MR data, using a multi-stage I/O intensive pipeline that \w arps" the anatomical
features of the brains of multiple subjects into a standard space.

The VDL work
o w for the creation of such a brain \atlas" (Figure 4) involves several
derivations that employ the AIR (automated image registration) suite [19, 20] to create an
\a veraged" brain from a collection of high resolution anatomical data. The work
o w warps
each anatomical volume to a referencevolume, using a high-order nonlinear multi-parameter
model. The brain structures are warped to de�ne a similar shape, then each volume is resliced
using the warp values,and the resulting high resolution volumesare averagedusing the AIR
suite's \softmean" application.

In the context of this atlas-generation use case, we experimented with applying the
middleware servicesof the virtual data system to various science-driven discovery problems.
A few of theseare illustrated in the following queriesand corresponding responses.

Which TRs can processa subject image?

Q: xsearchvdc -q tr_meta dataType subject_image input
A: fMRIDC.AIR::alig n_warp

Which TRs can create an ATLAS?

Q: xsearchvdc -q tr_meta dataType atlas_image output
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GRID MIDDLEW ARE SERVICES 11

Figure 4. fMRI Work
o w

A: fMRIDC.AIR::soft mean

List anonymized subject-imagesfor young subjects. This query searchesfor �les basedon their
metadata.

Q: xsearchvdc -q lfn_meta dataType subject_image privacy anonymized
subjectType young

A: 3472-4_anonymized. img

For a speci�c patient image, 3472-3,show all DVs and �les that werederived from this image,
directly or indirectly .

Q: xsearchvdc -q lfn_tree 3472-3_anonymized.i mg
A: 3472-3_anonymized. img

3472-3_anonymized. sl ice d. hdr
...
3472-3_anonymized. sl ice d. img
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Similar queries can be used for data validation processes,and to construct scripts that
composenew virtual data work
o ws basedon existing ones,and then catalog, run, and record
them.

MANA GING DATASET COLLECTIONS

A commonly observed pattern in scienti�c computation is that a procedureto processa large
dataset is usually speci�ed by higher-level scripts that iterate over the dataset, applying
a transformation to each sub-component. For example, in the fMRI spatial normalization
application (AIRSN), a singlestudy consistsof groupsof subjects, each subject has a seriesof
fMRI scans(runs), and each run contains a seriesof images(volumes), where a script would
iterate over each volume in a run, each run in a subject, and each subject in a group.

Another observation is that data are often represented in di�eren t physical formats, which
may changeover time. Computational proceduresdesignedfor a given format may no longer
work correctly onceformats change.Such format dependencyprevents code reuseover datasets
that are conceptually identical but have di�eren t physical representations.

To addressthese two issues,the XML Dataset Typing and Mapping (XDTM ) model [21]
wasdeveloped.XDTM allowsvirtual datasetsto be de�ned, and procedureswritten that select
subsetsof the datasetsand iterate over those subsets,in a manner that is independent of the
datasets'concretephysical representations. XDTM employs a two-level description of datasets,
de�ning separately via a type system (XML Schema) the abstract structure of datasets, and
the mapping of that abstract data structure to physical representations. The use of XML
Schema as a type system has the bene�t of supporting the samepowerful standardized query
languagethat we usein our selectionmethods.

We have implemented a protot ype of the XDTM model by extending the current VDS, and
successfullyapplied the system to the fMRI AIRSN work
o w.

RELA TED W ORK

The GridAn t [22] system provides a 
exible work
o w model based on Jakarta Ant and
Grid execution. However, it does not addressprovenancetracking, planning support, or the
declarativerepresentation of application logic, nor doesit contain the sophisticatedmechanisms
that can transparently perform a transformation on a set of input data objects in a location-
independent manner, anywhere in a distributed Grid or local desktop environment.

The SAM system deployed by the Collaboration for Multiscale Chemical Science[23] is
basedon the uniform action model of the WebDAV protocol [24], and has a well-developed
\lab oratory notebook" model of provenancetracking. However, its middleware approach for
Grid execution has the samelocation-dependencelimitations as GridAn t.

The Grid AccessPortal for Physics Applications [25] supports job submission, job status
checking, and resourcemanagement. Each application is packaged as a notebook comprising
Web pages and editable parameterized scripts. Notebooks can be published and stored in
Web basedarchivesfor others to retrieve and modify. The notebook concept is similar to our
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GRID MIDDLEW ARE SERVICES 13

transformation and derivation descriptions, but our virtual data descriptions are more general
and are decoupledfrom physical entities to support communit y-wide sharing and reuse.

The MyGrid project [26] has developed powerful distributed execution semantics and
enactment engines, visual work
o w speci�cation capabilities, and provenance tracking.
However, these capabilities are only provided for the relatively \regular" execution model
of Web services,but not for the standard application programs that constitute the majorit y
of today's scienti�c computing toolkits.

CONCLUSIONS

We have described a virtual data system interface, Chiron, that allows users to describe,
discover, share, and reuse scienti�c processesand data. Chiron provides user-level Web
interfaces, service-oriented scripts, and Web services-basedmiddleware functionalties that
facilitate integration of virtual data mechanisms into specialized data analysis applications
and problem solving environments. Chiron has beenapplied successfullywithin the QuarkNet
education project and tested in the context of a functional MRI research project.

Chiron alsoservesasa virtual data training tool. We have loadedproceduresand work
o ws
from several virtual data applications, including high energy physics, cosmic ray detection,
bioinformatics, and fMRI, as examples into the portal, thus allowing �rst-time and novice
virtual data users to explore core virtual data concepts and technologies without being
distracted by software con�guration details.

We have also extended the virtual data language to use XDTM mechanisms to abstract
dataset types from their physical representations, and to enable selection and iteration on
large composite datasets.

In future work we plan to leverageknowledgerepresentation techniques to enhanceprocess
de�nition and metadata annotation, and to enable semantics-driven virtual data discovery,
composition and integration.
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