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1 Intro duction

In avariety of scieri ¢ disciplines,complexreseart problemsare beinginves-
tigated by geographicallydistributed collaborations. Computational grids are
emergingas a distributed computing infrastructure that will allow thesecol-
laborations to seamlesslyaccesscomputational resourcesand perform large-
scalenumerical simulations. The Cactus framework (www.cactuscode.org)

and Computational Toolkit (7), a sciertic code deweloped at the Albert Ein-

stein Institute and usedthroughout the world, is a step towards providing a
common computational ervironmert in the astrophysics community. Cactus
wasinitially designedfor solvingthe equationsgoverning Einstein's Theory of
GeneralRelativity, but is presertly usedin variousscieri ¢ disciplinessud as
bioinformatics and atmosphericsciencesCactus enablesreseart: into a large
variety of physical problemsand is portable acrossall computer architectures.
It hasemergedasan important tool for groupsof researbersperforminglarge-
scalenumerical simulations. While numerousscieri ¢ groups are bene ting

from the featuresof Cactus,e ectiv e useof this code on diverseand distributed

computational resourcesvould bene t from a connectionbetweenthe scien-
tists, their simulations and emergingGrid services(1; 5). Sud a connectionis
provided by the simulation management framework of the Astrophysics Sim-
ulation Collaboratory (ASC) portal (www.ascportal.org ).

The ASC Portal is intendedto deliver a collaborative simulation managemeh
framework for genericapplications, with the dewelopmen driven by a par-
ticular community of astrophysicists, numerical relativists and computational
scienceresearters that useand dewelop their codeswith Cactus. This com-
munity makesup a virtual organization(VO) (4), denotedasthe ASC Virtual
Organization (ASC VO). End userinvolvemer from this VO hasbeena cru-
cial factor in providing a truly useful and appropriate working ervironmernt
through the ASC Portal, both in terms of core functionalities and alsoin the
designof the userinterface. The ASC Portal codebasesenesas a solid foun-
dation for extensionsto the next generationportlet and servicesframeworks,
sud asthat being deweloped by the Portal Group of the GridLab project.

An important recen aspect of the ASC dewelopmern is a collaboration be-
tweenthe ASC and the new European GridLab project (www.gridlab.org ).
The ASC project involvesthe WashingtonUniversity Gravity Group, the Uni-
versity of lllinois at Urbana-Champaign/National Certer for Supercomputing
Applications, the University of Chicago/Argonne National Laboratory, Rut-
gersUniversity, and the Albert Einstein Institute in Potsdam, Germary. The
GridLab project is a Europeanfunded collaboration involving eight courtries
in Europe and three institutes in the US alongwith industrial partners Com-
pag and Sun. The ASC and GridLab projects both involve componerts aimed
at solving the common problem of managing simulations on various super-



computers acrossthe world; the web portal technology is a key componert
of the solution to this problem. The GridLab project is extending the ASC
technology to a wider comnunity of researbers (10).

The ASC Portal has prototyped and tested many di erent Grid and collab-
orative capabilities (11; 15). This paper primarily focuseson those aspects
concernedwith simulation managementthat areimportant to the researbers
in the ASC VO. Section2 descrikesthe basicarchitecture of the ASC Portal,
Section 3 describes how computational resourcesare managedand accessed,
Section4 introducesthe con guration tools that are provided for portal ad-
ministrators, Section5 illustrates how simulations are stagedand monitored,
Section 6 descrikes the ASC Portals role at SC2002and Section 7 outlines
future directions and plans following from this work.

2 Portal Arc hitecture

The ASC Portal is an instance of an emergingclassof Web Portals, termed
Grid Portals, that utilize Grid technologies. The Grid infrastructure with
which the portal interacts is constructed with Globus (3) middleware. In
this setting, the portal application typically comprisesse\eral distinct lay-
ers consisting of multiple clients, an application sener, and a collection of
application servicesmaintained on the portal host. The application sener is
a certral, cortinually active web application that handlesuser requestsfrom
web-basedclients. The ASC application sener is written in Java and employs
Java Servletsand Java Sener Pagestechnologyto deliver cortent in the form
of DHTML pagesand Java appletsto web browser cliernts. Furthermore, the
ASC Portal can interact with clients sud as cellular telephonesand other
handheld devices.

Deployment of the application sener as a web application is accomplished
within the opensourceTomcatservletcortainer of the Apache Jakarta Project.

To reducethe amourt of data the application sener must keepin memory, the

portal usesa MySQL relational databasesystemfor persistent storageof in-

formation on users,accourts, resourcesgcode con gurations, simulations, etc.

The application sener is capableof being deployed on most popular platforms.

The application serviceson the portal host connectto the Grid through the

Java Commadity Grid (CoG) Toolkit (2). The Java CoG interfaceswith ser-
viceson remote resourcesghrough standard Grid protocols, which are a part

of the Globus Toolkit. Jobsare submitted to Globus gatekeepersthrough the

Globus Resourceand Managemen (GRAM) protocol. Mutual authertication

betweenhostsis accomplishedvia the Grid Security Infrastructure (GSI), and

le transfersto GSl-enabledFTP seners are achieved using GridFTP.



Relatedportal e orts include projectsthat usegeneralportal frameworks such
asthe Grid Portal Dewvelopmen Kit (GPDK) (13), and the SDSCGrid Portal

Toolkit (GridPort) (www.gridport.npaci.edu ). The GPDK is a Java based
toolkit; projectsthat have adoptedGPDK include the VisPortal (8) deweloped
at LBL that deliverscertralized accesdo visualization interfacesin a collabo-
rative setting. The SDSCGridPort makesuseof sener-sidePerl moduleswith

an HTML/Ja vaScript client. Applications that build upon GridPort include
the UCSD TelesciencePortal and the GAMESS Web portal, a tool for the
study of quarntum chemistry.

3 Basic Portal Features

3.1 Resoure Management

The portal currently storesinformation about computational resourcesand
Globus serviceswithin its own persistencdayer. To allow current portal users
to work with madiineswith minimal deploymert of Grid infrastructure, (e.g.,
a Globus gatekeeper with an interactive jobmanager,along with a GridFTP
daemon)this information is ertered by portal administrators through portal
web interfaces. The ASC Portal doesinclude tools for querying information
about remote resourceswith the Monitoring and Discovery Service (MDS).
Currently, it is our experiencethat the Grid infrastructure technologiesthat
support information publishing and retrieval medanismsare the most di -
cult to properly con gured for production use becauseof the lack of unifor-
mity of the batch systemsat various sites. Sincemuch of the information that
MDS provides is essetially static, we found it usefulto cade this informa-
tion within the ASC Portal database.This providesthe additional bene t of
enabling dewelopers to more easily relate information about other ertities to
Grid resources.For example,we can very easily test and record the results
of whether a user's credertials autherticate to the Grid servicesrunning on
the madchinesmadeaccessiblevia the portal. This information can be usedto
personalizea user'sview of the Grid.

3.2 Resoure Groups

The various platforms encourered in a Grid of madinesoften require di er-
ert resourcemanagementechniques.In a production ervironmert it becomes
practical for usersto group resourcesto which they can autherticate. One
canuseASC Portal interfacesto de ne di erent working groupsof macdines.
For example, a scierist can have a group of madines on which a certain



simulation code is known to run well. Within ead given portal session,a
particular working group may then be selected.The resourcegroups provide
cleanworking interfaces,avoiding a largelist of possibleresourceghat may be
unavailable or unusableto the researber. This feature alsosimpli es the com-
patibilit y problem from resourcesbelongingto di erent virtual organizations
that acceptdi erent Grid certi cates.

3.3 Authentication to Computational Resoucesand Grid Servies

For secureaccesto web portal sessiongnd computational resourcesthe ASC
Portal makesuseof Grid Security Infrastructure (GSI) certi cates and proxies.
Thesecerti cates allow a researber, after an initial authertication, to move
from one Grid resourceto the next without re-establishingidertity, i.e., they
provide single sign-on access.Grid certi cates are obtained from a trusted
Certi cate Authority sud asthe NCSA Alliance or the NPACI partnership.
Users rst establishtheir idertity to the Certi cate Authority, whereupon the
organizationissuesusercerti cates. From the certi cate/k ey pair the usercan
generateproxy credertials. A proxy consistsof a new certi cate/k ey pair that
is signed by the owner of the user certi cate rather than by the certi cate
authority. Mutual authertication to a remote madine is achieved by sending
both the userand proxy certi cate to the remote party. A chain of thrust is
establishedby the Certi cate Authority validating the signature of the user
certi cate. Further delegationof the proxy credertial enablesauthentication
to additional Grid resourcedrom the remote madine.

The ASC Portal utilizes an online credertial repository and retrieval service,
the MyProxy (12) sener, to securelyaccessproxy crederials. Portal users
delegatea set of proxy credertials to a MyProxy sener along with authen-
tication information and retrieval restrictions. This task must be performed
occasionally e.g.,onceewery sevendays, giving a balancebetweensecurity (the

credertials aretransiert, with a nite lifetime) and corvenience.The userlogs
onto the ASC Portal using the login name and passverd that protects their

storedproxy crederials. The portal cortacts the MyProxy sener and requests
a delegationof the user'scredertial. It suppliesthe nameand passphrasepro-
vided by the user. After verifying theseand cheding on retrieval restrictions,
the MyProxy repository delegatesa proxy credertial badck to the portal to be
usedfor subsequen authertication. The proxy credertials that are obtained
for work within the portal are short-lived, lasting for the duration of a typical
user sessionln somecases,our usersrequire more than one Grid certi cate

to be ableto accessesourcedrom di erent organizations.In orderto support

this scenario,the ASC Portal allows usersto retrieve multiple credertials per
usersessionAnd recerly, the MyProxy sener was enhancedto enableusers
to upload and retrieve crederials with one usernameand passvord.



3.4 Job Staging

The ASC portal providesa completejob submissioninterfacethat allowsusers
to run a wide variety of applications on remote Grid resourcesThe interface
allows the end userto specify all properties of the job and setthe ervironment

required by the application. The submitted jobs may be started interactively

or may be queuedinto a batch systemof a remote madine. The exibilit y of
the interface allows the submissionof simple single processorjobs as well as
complex distributed computations that run acrossmultiple supercomputers
(using Globus with MPICH-G2). While the application servicesof the portal

preserly interact with Globus gatekeepers through the GRAM protocaol, in

the future the portal will interact with higher level servicessut as resource
brokersthat automate the resourceselectionprocess.

4 Portal Administration

The ASC Portal provides web interfacesfor administering useraccours, re-

sourcesand servicesthat areto be madeaccessibléo end users.Accourt ad-

ministration includesthe ability to createuseraccourts, edit userpro les, and

set allowed credertials. Administrators specify user accessights within the

portal by de ning rolesand assigningthem to usersaccordingly By default,

the ASC Portal includesan administrative role for usersallowed to administer

the portal, a userrole for typical userrights, and a cactusrole for accessing
Cactusweb interfaces.Resourceadministration includesthe ability to specify

resourcesand their properties as descriked in the ResourceManagemeh sec-
tion above. Finally, serviceadministration includesthe ability to specify the

serviceson remote resourcesmade available from the ASC Portal.

Another aspect of the ASC Portal is its support for automated databaseup-
grading during the build process.Sincewe use a MySQL database,we are
ableto modify the production databasestructure without losing data. Single-
tons are usedfor ead Java classthat represets a persistert object and eat
singleton performs SQL queriesdirectly with JDBC. Thus, when dewelopers
commit changesto a persistert entity classthat changesthe underlying data
model, they must commit a SQL script for modifying the databaseto con-
form to the new data model. Each script is named accordingly by its date.
Finally, we include build targets that run the appropriate scripts for modify-
ing the database,basedon the natural ordering imposedby the lenames of
ead script and the last script that wasrun on the target database.While this
sthemerequiresdewelopersto be careful about code and databasechanges,it
simpli es the administration of the ASC Portal and insuresthat production
databasesconformto the changesin the ASC Portal web application.



5 Simulation Managemen t

Performing large-scalenumerical simulations with advancedapplication codes
on Grid resourcess complicatedby various factors. Computational Grids are
typically heterogeneous;somprisedof supercomputersof various architectures
and platforms that have di erent installed software and presen di erent en-
vironmerts to users. Furthermore, the resourcesare maintained by diverse
virtual organizations. The collaborative group work spaceprovided by the
ASC Portal intends to facilitate simulation management in a complex Grid
ervironmert. For e ective collaboration, ASC menbers needa uniform sim-
ulation managemen framework cortaining the coreelemerts: (1) sourcecode
managemet) (2) simulation tracking, and (3) an executablerepository.

5.1 Source Code Management

Oneof the key featuresof the Cactusframework is its modular structure. Cac-
tus hasa certral core(calledthe \Flesh") into which independert application
and computational infrastructure modules(called\Thorns") canbeinterfaced
cleanly The designprovidesthe enduserwith the exibilit y to choosethe most
appropriate set of thorns to perform their particular application. This feature
is important for large, geographicallydistributed collaborations of physicists
and computational scientists with the various menbers cortributing indepen-
dert elemens of the overall simulation code. As improved or additional thorns
becomeavailable they can be incorporated and leveragedimmediately. A pro-
duction simulation code can consist of many di erent thorns from diverse
sources,and while this greatly enhancesthe capabilities of the simulation
code, it createsa challengein the areaof sourcecode managemeh The nu-
merous elemerns of the production simulation code must be gathered from
various sourcecode repositories. The managemeh of these elaborate source
code con gurations becomesa problem for both individual researbers and
collaborators within a researt group. The ASC Portal provides useful tools
and a working ervironmernt that facilitate sourcecode managemen

An important pieceof the portal's sourcecode managemen ervironmert is
listings of the contents of Concurrert Versioning System (CVS) sourcecode
repositories.Portal administrators may easilyerter the listings of group shared
repositories, and individual usersmay erter the corntents of their personal
repositories, making them shareableif they so choose.Portal userscan per-
form multiple CVS chedouts to construct a sourcecode con guration on a
Grid resourceThe cortents of the code con gurations arerecordedby the por-
tal, enabling usersto easily move an entire working setup from one macine
to another. Members of a collaboration can sharetheir code con gurations,



saving valuable time and preverting duplication errors. The con gurations of
standard test problemsof a researb group may also be storedin the portal.
By maintaining the sourcecode work history of a collaboration, the portal
provides better organization, extending researt capabilities.

Future enhancemets to the sourcecode handling apparatus will addressa
variety of issuesthat occur when deweloping scierii ¢ codesto be run on a
Grid. In atypical scenario,developmen starts by editing a code con guration
on a basemadine (e.g., a personallaptop). Once the local dewelopmernt is
complete, the deweloper must verify that the code con guration is portable
to the various architectures and operating systemsthat make up the Grid of
madines. The portal will provide the serviceof automatically chedking that
the code con guration still compiles, executes,and passesbasic unit tests
successfullyon a heterogeneoussrid of madines. The portal will alsoprovide
a medanism for usersto share code under dewelopmen via patches. This
functionality will (1) speedthe rate at which updatesto a con guration can
be madeand (2) improve the stability and portability of code con gurations.
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Fig. 1. The simulations list of the ASC Portal is organizedby project, in this case
the \Black Hole" project is shavn. Interactive maps showing the physical location
of simulations can be launched.



Fig. 2. Diagram displaying the current range of interactions betweenthe ASC Portal
and a running Cactus simulation: (1) the application starts and announcesto the
portal, (2) noti cations are sen to users,(3) userscan link to a steering interface
and to interactive maps.

5.2 Simulation Tracking

Large scalesimulations are very expensiwe from a computational viewpoint.
The high cost of numerical simulations imposesa limit on the number of
large runs a researb group can expect to perform. The results obtained are
very valuable and are often studied by many di erent scientists within the



Fig. 3. Visualization tools launched by the ASC Portal. The visualization tools cover
a wide range of data formats, with xgraph displaying one-dimensionaldata, gnuplot
displaying two-dimensionaldata, and LCAVision rendering three-dimensionaldata.

comnunity. A large-scalenumerical simulation submitted to aremotemacdine
may start only after an hour, a day, or a week.When the simulation starts, the
only available information may bethat the job is active, and this information is
not enoughto judgethe performanceor the quality of resultsof the simulation.
Under these circumstances,following the progressof the simulation is vital,
but usually inconveniert or impossible.

The ASC Portal enablese ective monitoring of numerical simulations by lis-

10



tening to messagefrom the application itself. Scierists who login to the ASC
Portal seea completelist of their own simulations and those of other mem-
bersof their VO (Figure 1). The portal maintains a group workspaceindexed
by project name. The history of the VO's simulations on a given project are
collectedand displayed to all authorized scieriists. The ASC Portal displays
simulation information sud asthe macdine wherethe simulation is running,
the name of the sciertist running the simulation, and the date of the initial

report. Periodically, the Cactus simulation updatesthe portal recordsby pro-
viding the currert iteration number and an estimateof the time to completion.
Portal userscan provide their Email and mobile telephonenumber, and can
chooseto receiwe status messageand updatesabout their simulations.

Cactus simulations can be further monitored and interacted with. Any active
simulation which includesthe toolkit thorn HTTPDs provided with its own
websenrer (Figure 2). This webserer can then be connectedto, from any
remote browser, and provides a full description of the simulation sud as a
completelist of initial parameters,the nameand locations of the output les,
etc. It alsoprovidesa steeringinterfacefrom which authorizeduserscanchange
parametersin real time or pauseand stop the run. The data generatedby the
simulation can be analyzed using local client or remote visualization tools.
Figure 3 displays se\eral visualization tools launchable from the ASC Portal.

The presen simulation tracking framework hasproved to be extremely useful
for the usersin the ASC VO. Currently, the messagingis a one-way com-
munication from the application code to the portal host. Extensionsto this

framework will allow two-way communication so that userscan cortrol their

applications through mobile devicessud as cellular phonesand PDAs. The
comnunication betweenthe Cactuscodeandthe portal is performedvia XML-

RPC. The presen XMLRPC sener will ewlve into an independen Grid ser-
vice, basedon the Open Grid ServicesArchitecture (OGSA)(5), that receiwes
message$rom and sendsmessageso any application. The XML-based com-
munication will use GSI security and the SOAP protocol, providing secure
messagingoetweenthe portal and emergingGrid serviceson a wide variety

of computing platforms and architectures. By changingfrom a tailored XML-

RPC implemenation to onethat adheresto the OGSA standard we will gain
interoperability with other advancedGrid services.

5.3 Executable Repository

An additional goal of the ASC is to enablenot only experiencedresearbers
to work with Cactus and the ASC Portal, but also studerts and sciertists
who are either casually interested in or just beginningto learn astrophysics
and generalrelativity. Portal userscan simply choosea generalproblem and

11



a target macdiine. The portal automatically selectsthe necessaryles from

a repository, stagesthem to the remote machine, and starts the simulation.

As the simulation is running, the generatedoutput is displayed and standard
visualization tools can be launched to view the results. By using the reposi-
tory, ASC menbers avoid the repetition of trivial and tedious work sud as
the gathering and compilation of commonly usedsourcecode con gurations.

While the repository cortents are currently added by portal administrators,

in the future portal userswill be able to upload working binary executables
from their production codes. The generalframework will allow the addition

of executablesrom any scieri ¢ application. The repository contents will be
organizedby projects, and made available to authorized groupsof users.The

production repository is an e ective and organizedway of sharing valuable
compiled codeswithin a virtual organization.

6 Pro of of Concept: SC2002 Demonstrations

The featuresof the ASC portal descritedin this paper wereshown in a number
of demonstrationsat the Supercomputing2002High PerformanceNetworking
and Computing Conference(SC2002).The portal could accessand usemarny
di erent resourcesacrossvarious testbeds, including the GridLab, ASC and
Global Grid Testbed Collaboration (GGTC) testbeds.The GGTC testbed (6)
consistedof 69 di erent madines in 14 courtries and 5 cortinents. These
madines were wildly diversein size and platform, and were connectedto a
variety of institutions and virtual organizations. The testbed cortained su-
percomputerswith thousandsof processorssmall Linux clusters,and even a
Sory PlayStation in Manchester, England.

Eadh of the GGTC madines had common Grid (Globus) and application

(Cactus) infrastructure installed and deployed. From the ASC Portal a Cac-
tus application could be stagedand run on any madine, with the application

announcingto the portal's simulation list. The portal also shoved the status
of a newgenerictask farming infrastructure deweloped by the GridLab project

using their Grid Application Toolkit. One application running in a task farm-

ing mode was motivated by the ASC VO users:a parametersurvey of binary

black hole coalescencgarameters.Black hole simulations are very demand-
ing computationally, typically requiring hundredsof processorsFurthermore,

black hole simulations require time consumingand tedious parameter tun-

ing. Thesesimulations can be expedited by task farming test problemsacross
distributed maadines, the results of which automatically steer parametersin

much larger production runs. This application demonstratedhow Grid com-
puting can simplify, economiseand speed-upthe useof resourcesThe Global

Grid Testbed Collaboration was awarded two HPC awards at SC2002for its

application useof this large testbed.

12



7 Future Directions

Grid computing promisesmany bene ts for researb comnunities who make
heavy useof a bewilderingvariety of supercomputingresourcesdewelopingand
running complexlarge-scaleapplicationswhich createterabytes of data which
must then be analysed, visualized and archived. This paper has descriked
someinitial advantagesthat are implemerted in the ASC Portal: simplifying
the use of resourcesthe monitoring of simulations, and the coordination of
virtual organizations.

Viewing distributed, heterogeneouscomputational resources,coupled with
Grid infrastructure, as a singlevirtual madine, leadsthe way to new intelli-
gent Grid-aware applicationsand unprecedeted coordination and interaction
of communities with their colleaguesgdata and simulations. Grid-aware appli-
cations will be able to migrate between supercomputersas more appropriate
resourcesare needed,decidingwhen and if to distribute independen tasksto
additional resourceslncreasedaccuracyfor large-scalghysicssimulations will
be available by coupling together supercomputers,with commnmunication pat-
terns and computational loads automatically adapting to the available band-
width. Sud dynamic and self-con guring applications will require extensiwe
tracking and logging, sud asis beginningto be provided by the ASC Portal.

The end usersof Grid technology will be given new opportunities both for
cataloguingand understandingtheir computational work. Right now the ASC
Portal collects basic information about the VO's simulations in a persistert
database.This interface could very easily be expandedto collect additional
information from simulations, including:

Building a repository of bendxmark resultsfor standard simulation modules
which could then be usedfor selectingan appropriate resource.

Collecting accouring information, sud as the number of processorsand
CPU hours usedhby the menbers of the VO on their di erent resourcesto
help with budgeting and resourceselection.

Building a databaseof physics parametersand results. For the ASC VO
sud a databasemight tabulate the type of initial data with the main com-
putation method usedfor ewlution and the error at a certain point of time.

The ASC Portal hasimplemerted basicnoti cation services,informing users
by email or SMS of the status of their simulations. There are many potertial
extensionswhich can be added. The Cactusteam is planning to implemert a
genericnoti cation thorn, which will provide the application with the ability to
requestusernoti cation for signi cant ewerts. Sud noti cations could signal
the appearanceof a black holehorizon, of an unexpectedphysicalfeaturewhich
should be analysed,or could suggestthat a usermight want to interact with

13



the simulation to changea physics parameter. The portal can also interact
with the madines, cheking for situations sud as a disk becomingfull, or
advising usersthat a queueis empty and could be immediately exploited.

The ASC Portal is being migrated to a Portlet (14) framework, called Grid-
Sphere(www.gridsphere.org ), being deweloped by the GridLab project. In
this framework, individual componerts becomeindependert modulesthat are
easily incorporated into other projects. The portlet framework can group
portlets into independernt web applications simplifying dewelopmen within
large collaborations. Furthermore, the portlet interface brings enhancedcus-
tomization, giving ead user a personalizeddisplay. The migration of ASC
componerts into the GridLab portlet framework will allow many di erent and
diversecomrmunities to bene t from this technology

8 Conclusion

The potential of Grid computing is just beginning to be realized. In order
to read the next stagein the ewlution of Grid computing, researt projects
like the ASC and GridLab, aswell asthe organizationsthat provide compu-
tational resourcesto application sciertists, must cooperate more e ectively

towards building a solid Grid infrastructure and technologiesfor successfully
administering and utilizing that infrastructure. Grid portals will beginto play

a more prominert role becauseof their exibilit y for providing userinterfaces
to Grid servicessud as GRAM. Howeer, the next stageof Grid computing

requiresthat more researb comnunities start consideringhow the Grid can

be e ectively utilized to meetthe ewver growing resourceneedsof today's scien-
tic applications. The ASC hastaken part in this processby working closely
with the researb comnunities that are using Cactusto help drive the dewel-

opmert of tools for utilizing the Grid. More importantly, we hope to make it

easierfor application sciernists to acquirethe resourceghey needand to build

better tools for managingtheir applications on the Grid. We look forward to

cortinuing our researb and collaborating with others in this very exciting

eld.
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