may enhancepur ability to understanchswell
ascontrol quantumsystems.

Bolx | thoughtall the fuss about quantum
computingwas aboutengineering but that
sounddike somethingyou'd readin Science

Alice: Nah, they'd never publish something
like this.
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The World-Wide Telescope

Alexander Szalay! Jim Gray?

All astronomydataandliterature will soonbe online andaccessiblevia the

Internet. The community is building the Virtual Observatory,an organi-

zation of this worldwide data into a coherentwhole that canbe accessed
by anyone,in any form, from anywhere.The resulting system will dra-

matically improve our ability to do multi-spectral and temporal studies
that integrate data from multiple instruments. The Virtual Observatory
data also provide a wonderful base for teaching astronomy, scientibc
discovery,and computational science.

Many fields arenow copingwith arapidly
mountingproblem:how to organizeuse,and
makesenseof the enormousamountsof data
generatedy today's instrumentsand exper-
iments.The datashouldbe accessibleo sci-
entistsandeducatorso thatthe gapbetween
cutting-edgeesearctandeducatiorandpub-
lic knowledgeis minimized and should be
presentedn a form that will facilitate inte-
grative research.This problemis becoming
particularly acute in many fields, notably
genomics, neuroscience,and astrophysics.
The availability of the Internetis allowing
new ideasand conceptdor datasharingand
use.Here we describea plan to developan
Internetdataresourcein astronomyto help
addresshis problemin which, becausef the
natureof the dataand analysesrequired of
them,thedataremainwidely distributedrath-
er than gatheredin one or a few databases
(e.g., GenBank).This approachmay be ap-
plicable to many otherfields. Our goal is to
make the Internet act as the world's best
telescopebaWorld-Wide Telescope.

Today, there are many impressive ar-
chivespainstakinglyconstructedrom obser-
vations associatedwith an instrument. The
Hubble Space Telescope (HST) (1), the
ChandraX-Ray Observatory(2), the Sloan
Digital Sky Survey(SDSS)(3), the Two Mi-

1TheJohnsHopkinsUniversity,Baltimore, MD 21218,
USA 2Microsoft Bay AreaResearctCenter,SanFran-
cisco,CA,USA.
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cron All Sky Survey (2MASS) (4), andthe
Digitized PalomarObservatorySky Survey
(DPOSS)(5) are examplesof this. Each of

thesearchivess interestingn itself, buttem-
poral andmulti-spectralstudiesrequirecom-
bining datafrom multiple instruments.Fur-

thermore, yearly advancesin electronics
bring new instrumentsdoubling the amount
of datawe collect eachyear (Fig. 1). For

example, approximatelya gigapixel is de-
ployed on all telescopegoday, and new gi-

gapixelinstrumentsaareunderconstructionA

night's observationrequiresa few hundred
gigabytesof memory.The processediatafor

a single spectralbandover the whole sky, a
few terabytes.lt is impossiblefor eachas-
tronomerto haveaprivatecopyof all thedata
they use.Many of thesenewinstrumentsare
beingusedfor systematicsurveysof our gal-

axy andof thedistantuniverse Togetherthey
will give us an unprecedentectatalog to

studytheevolvinguniverse providedthatthe
datacanbe systematicallystudiedin aninte-

gratedfashion.

Online archivesalreadycontainraw and
derivedastronomicabbservation®f billions
of objects from both temporal and multi-
spectralsurveys.Togetherthey houseanor-
der of magnitudemore datathan any single
instrument. In addition, all the astronomy
literatureis online andis cross-indexedvith
the observationg6, 7).

Why is it necessaryo studythesky in such
detail?Celestialobjectsradiateenergyover an

extremelywide rangeof wavelengthdrom ra-

dio wavesto infrared, optical to ultraviolet,
x-rays and even gammarays. Each of these
observations carries important information
aboutthe natureof the objects.The samephys-
ical objectcanappeatto be totally differentin

different wavebandqFig. 2). A young spiral
galaxy appearsas many concentratedblobs,®
the so-called HIl regionsin the ultraviolet,
whereasin the optical it appearsas smooth
spiralarms.A galaxy clustercanonly be seen
as an aggregationof galaxiesin the optical,
whereasx-ray observationsshow the hot and
diffuse gasbetweerthe galaxies.

The physical processesnside these ob-
jects can only be understoodby combining
observationsat severalwavelengthsToday,
we already have large sky coveragein 10
spectrakegions;soonwe will haveadditional
datain at leastfive more bands.Thesewill
residein different archives,makingtheir in-
tegrationall the more complicated.

Rawastronomydatais complex.It canbe
in the form of fluxes measuredn finite size
pixels on the sky, spectra(flux asa function
of wavelength),individual photonevents,or

1970 197

Fig. 1. Telescopeareadoublesevery 25 years,
whereastelescopeCCDpixels double every 2
years. This rate seemsto be accelerating.lt
impliesa yearly data doubling.Hugeadvances
in storage, computing, and communications
technologieshaveenabledthe Internetandwill
enablethe Virtual Observatory.
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evenphaseinformationfrom theinterference
of radio waves.

In many other disciplines,oncedatais col-
lected,it canbe frozenanddistributedto other
locations. This is not the casefor astronomy.
Astronomy dataneedsto be calibratedfor the
transmissiorof the atmospherendfor the re-
sponseof the instrumentsThis requiresan ex-
quisiteunderstandingf all the propertieof the
whole system,which sometimegakesseveral
years. With each new understandingof how
correctionsshouldbe made the dataarerepro-
cessedand recalibrated.As a result, data in
astronomystays @live® much longer than in
otherdisciplinesbit needsanactive®curation,®
mostly by the expertgroup that collectedthe
data.

Consequently,astronomydata reside at
many different geographicallocations, and
that will not change.There will not be a
central 2Astronomy database.®Each group
hasits own historical reasongo archivethe
dataone way or another.Any solution that
triesto federatethe astronomydatasetsmust
start with the premisethat this trend is not
going to changesubstantiallyin the nearfu-
ture; thereis no top-downway to simulta-
neouslyrebuild all datasources.

To solve theseproblems,the astrophysical
communityis developinghe World-Wide Tele-
scope,often called the @Virtual Observatory®
(8). In this approachthe datawill primarily be
accessedvia digital archivesthat are widely
distributed.The actualtelescopesyvill eitherbe
dedicatedto surveysthat feed the archives,or
telescopeswill be scheduledto follow up on

Fig.2. M82,at adistanceof 11 million light years,
is a rare nearbystarburstgalaxywhere starsare
forming and expiring at a rate 10 times higher
than in our galaxy.A close encounterwith the
large galaxyM81 in the last 100 million yearsis
thought to be the causeof this activity. The
imagestakenat different wavelengthaunveil dif-
ferent aspectsof the star-forming activity inside
the galaxy.Imagescourtesyof: NASA/CXC/SAO/
PSU/CMU (x-ray), AURA/NOAO/NSHoptical),
SAOQ(infrared),and MERLIN/VLAradio). Compi-
lation from http://chandra.harvard.edu/photo/
0094/index.html.
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interesting®’phenomendound in the archives.
Astronomerwill look for patterngn thedatab
spectraland temporal,known and unknownp
and usetheseto study various object classes.
Theywill havea variety of tools at their finger-
tips: a unified searchengine,to collect and
aggregatedatafrom severallarge archivessi-
multaneouslyanda hugedistributedcomputing
resourceto perform the analysescloseto the
data,in orderto avoid moving petabyteof data
acrosgthe networks.

Othersciencesiavecomparablefforts of
putting all their dataonline andin the public
domainb GenBankin genomicsis a good
examplebbut so far these are centralized
ratherthan federatedsystems.

The Virtual Observatorywill give every-
one accesdo datathat spanthe entire spec-
trum, the entire sky, all historical observa-
tions, andall the literature.For publications,
datawill resideat a few sitesmaintainedby
the publishers.Thesearchive siteswill sup-
portsimplesearchesMore complexanalyses
will be done with imported data extractsat
the user'sfacility.

Time on theinstrumentwill be availableto
all. Thus,the Virtual Observatornyshouldmake
it easyto conductsuch temporal and multi-
spectralstudiesby automatingthe discovery
andthe assemblyof the necessarylata.

Oneof the main usesof the Virtual Obser-
vatory will be to facilitate searchesvheresta-
tistics are critical. We needlarge samplesof
galaxiesin orderto understandhe fine details
of theexpandinguniverseandof galaxyforma-
tion. Thesestatisticalstudiesrequiremulticolor
imaging of millions of galaxiesand measure-
ment of their distancesWe needto perform
statistical analysesas a function of their ob-
servedtype, environmentanddistance.

Other projectsstudy rare objects,onesthat
do not fit typical patterns;they searchfor the
needlesn the haystackTo this end,the useof
multi-spectral observationsis an enormous
help.Colorsof objectsreflecttheirtemperature.
And in the expandingUniverse the light emit-
ted by distantobjectsis redshifted.Therefore,
searchindor extremelyred objectsfinds either
extremely cold objects or extremely distant
ones. Data mining studies of extremely red
objectdiscoveredlistantquasarsthelatestata
redshift of 6.28 (9). Mining the 2MASS and
SDSSarchivefoundmanycold objectssuchas
brown dwarfs, which are biggerthana planet
yet smallerthan a star. Theseare good exam-
ples of multiwavelengthsearchesiot possible
with a single observationof the sky, doneby
handtoday,automatedn the future. We do not
evenknow all of the datathat existed;we wiill
haveto discoverthemon thefly.

The Time Dimension

Most celestialobjectsare essentiallystatic; the
characteristictimescalefor variationsin their
light outputis measureéh millions or billions of

years. There are time-varying phenomenaon

muchshortertimescalesaswell. Variationsare
eithertransient)ike supernovaegr regular,like

variable stars.If a dark objectin our galaxy
passesin front of a star or galaxy, we can
measurea sudden brightening of the back-
ground object, due to gravitationalmicrolens-
ing. Asteroidscanbe recognizedby their rapid
motion. All thesevariationscan happenon the
scaleof a few days. Starsof the Milky Way
Galaxyareall movingin its gravitationalfield.

Although few starscanbe seento movein the
matterof days,comparingobservationdOyears
apartaccuratelymeasuresuchmotions.

Identifying andfollowing objectvariabil-
ity is time consumingandaddsan additional
dimensionto the observationsNot only do
we needto mapthe Universeat many differ-
ent wavelengthswe needto do it often, so
that we canfind the temporalvariationson
manytime scales.Oncethis ambitiousgath-
ering of possibly petabyte-sizedata setsis
underway, we will needsummariesof light
curves; we will also need extremely rapid
triggers.For example,in gamma-raybursts,
much of the action happenswithin seconds
afterthe burstis detectedThis putsstringent
demandson dataarchiveperformance.

The architecturemust be designedwith a
50-yearhorizon,becausehings changesignifi-
cantly in thattimeb computerswill be several
ordersof magnitudefaster,cheaperandsmart-
er. Sothearchitecturanustnot makeshort-term
technologycompromisesOntheotherhand the
systemmustwork todayon today'stechnology.

TheVirtual Observatorywill beafederation
of astronomyarchives gachwith uniqueassets.
Typically, archiveswill be associatedvith the
institutionsthat gatheredthe dataand with the
people who best understandthe data. Some
archivesnightcontaindataderivedfrom others,
and some might contain synthetic data from
simulations A few archivesmight specializen
organizingtheastrophysicditeratureandcross-
indexingit with thedata,while othersmightjust
beindicesof thedataitself, analogouso Yahoo!
for the text-basedVeb.

Astronomersown the datathey collect, but
thefield hasa long tradition of makingall data
public after a year. This gives the astronomer
time to analyzedataand publish early results,
andit alsogivesotherastronomermely access
to the data.Given that dataare doubling every
year and that the databecomepublic within a
year, abouthalf the world's astronomydatais
availableto all. A few astronomerfiaveaccess
to a private datastreamfrom someinstrument,
sowe estimatethateveryonehasaccesso 50%
of the dataandsomehaveaccesdo 55%of the
data.

Uniform Views of Diverse Data

The socialdynamicsof the Virtual Observa-
tory will alwayshavea tensionbetweenco-
herenceandcreativity, or betweeruniformity
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andautonomy.lt is our hopethatthe Virtual

Observatorywill actasa catalystto homog-
enizethedata.lt will constantlystruggleboth
with the diversity of the different collections
and the creativity of scientistswho want to

innovateanddiscovernew conceptsandnew
ways of looking at things. Thesetwo forces
needto be balanced.

Eachindividual archivewill be anauton-
omousunit run by scientistsThe challengds
to translatethis heterogeneousnix of data
sourcesnto auniformbodyof knowledgefor
the scientistsand educatoravho wantto use
data from multiple sources.Each archive
needsto easilypresenits datain compatible
formats, and the archivesmust be able to
exchangalata.

Thisuniformview will requireagreementn
terminology, on units, and on representa-
tionsba unified conceptuakchemadatamod-
el) thatdescribesall the datain all the archives
with a commonterminology,like Vizier (10).
This schemawill evolve with time, and there
will alwaysbe thingsthat are outsidethe sche-
ma, but Virtual Observatoryuserswill seeall
the archivesvia this unifying schemaanddata
interchangevill bedonein termsof theschema.

Webelievethatthebaserepresentationsill
likely bedoneusingthe emergingstandardsor
XML, SchemasSOAP,andWebserviceq11),
buttherewill haveto betoolsbeyondthesethat
automaticallytransformthe diverseand heter-
ogeneousarchivesto thesecommonformats.
Achieving this is beyondthe current state of
computerscience but solving this schemain-
tegrationproblemwill be key for the Virtual
Observatory.

Userswill wantto querythe Virtual Obser-
vatory usinggraphicaltools,bothto poseques-
tions andto analyzeand visualize the results.
The userswill rangein skill from professional
astronomerto brightgrammarschoolstudents,
soa variety of toolswill be needed.

The Virtual Observatoryquery systems
will needto be ableto find dataamongthe
versionsand replicas stored at the various
archives.The usermight askfor the correla-
tion betweerradio,optical,andx-ray sources
with certain properties.It will be up to the
query systemto locate the appropriatedata
sets, subsetthem, and cross-correlatehem,
returning the requestedattributesfrom each
data source. As with schemaintegration,
thereis goodtechnologyfor automatidndex-
ing, location-transparentand parallel data
search.But the scenariojust describedis
beyondthe limits of what computerscience
researchersando today.

At its core, the Virtual Observatorywill
be a datamanagerIn astronomy thereis a
well-establisheddiscipline of defining and
managingdata.Therearegoodlanguagedgor
defining data schemas(structures)and for
mapping these data schemasinto existing
datamanagemensystemsBut mostof these
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toolsaredesignedor homogeneousnviron-
mentswith centralcontrol,for exampleman-
agingthe assetof anindividual corporation,
organization,or agency.Tools that integrate
heterogeneouslatabasesre still primitive
andlabor intensive.

The raw astronomydatafrom a telescope
runsthrougha substantiatsoftwarepipeline®
that extractsobjects(stars,galaxies,clouds,
planets,asteroids)from the dataand assigns
attributes(luminosity, morphology, classifi-
cation)to them.Thesepipelinesareconstant-
ly improving as we learn new propertiesof
astronomyand as we discoverflaws in the
pipelinesoftware,so the deriveddatais con-
stantly evolving into more currentversions.

Eacharchive'sdatawill likely bereplicat-
ed at one or more mirror sites so that a
catastropheat one site will not causeany
long-termdataloss.Datamay alsobe wholly
or partially replicated at other sites so to
speedocal computationsbecauset is often
fasterandcheapeto accesdocal datathanto
fetchit from a remotesite.

We assumehelInternetwill evolvesothat
copying largerdatasetswill be feasibleand
economic(in contrast,today datasetsin the
terabyterangearetypically movedby parcel
post). Still, it will often be bestto movethe
computationto petabyte-scaledata sets in
orderto minimize datamovementand speed
the computation.

Currentdatamanagemensystemspropa-
gate and managedatareplicas,but they re-
quire administratorsto decide when and
wherethe replicasare stored. Administrators
mustdesignandmanagehereplicationstrat-
egy and must track data versionsand data
lineage As the programsevolve,the comput-
er sciencechallengeis to automatethese
tasksof configuringandtrackingreplicasand
of trackingdatalineageanddependenciesn
different deriveddataversions.

Better Algorithms

At themicro level, we expectmajoradvances
in computer science algorithms. Hardware
performancehas improved about 100-fold
every decadesince 1970. There has beena
comparableimprovementin software algo-
rithms, the simplestof which is sorting: sort
performancehas doubled each year since
1985, partly to improvementsin hardware
andpartly to improvementsn parallelsorting
algorithms. We must continue to invest in
and investigate new algorithms and data
structuredor dataloading,cleansingsearch-
ing, organization, and mining. Statistical
methodslie at that heartof mostof our data
searchalgorithms,so advancesn computa-
tional statisticawill beessentiato thesuccess
of the Virtual Observatory.
Currentcomputerarchitecturesare moving
towardhugearraysof loosely coupledcomput-
erswith local storage.TheseBeowulfclusters

harnesscommaodity componentsand provide

very inexpensivecomputing.Cellular architec-
tureslike IBM's BlueGeneprojector the Japa-
neseEarth Simulator project carry this to an

extreme,millions of computersin one cluster.

ComputationalGrids are clustersof computer
clustersthat candynamicallyallocateresources
to the tasksat hand(12). However,not all our

algorithmdfit thiscomputationastructuresome
requirefine-grain parallelismand sharedmem-

ory. We must either find new algorithmsthat

work well on clustercomputerarchitecturesor

investin massive-memorgomputermachines
that cansolvetheseproblems.

Education

The Virtual Observatoryoffers the opportu-
nity to teachsciencein a participatoryway.
We cangive studentgirectaccesgo a won-
derfulscientificinstrumentTheycanuseit to
makediscoverientheirown. Very interest-
ing projectsand lecturescan be built using
the Virtual Observatonjtools and data.

Astronomy holds a particular attractionfor
many students,adults and children alike, as
demonstratedby planetariums,amateur tele-
scopes,and textbooks.Even very young chil-
drencanbe engagedn manydifferentsciences
via astronomywith its strongties to physics,
chemistry,andmathematicsAstronomycanbe
usedasa vehiclefor introducingthe basiccon-
ceptsof all thesdfields andalsousedo teachthe
procesof scientificdiscovery We, theauthors,
with alot of helpfrom othersarein the process
of creatingsucha pilot projectusingdatafrom
the SDSS(13).

TheVirtual Observatoncanalsobeusedto
teachcomputationakcience Traditionally, sci-
encehasbeeneithertheoreticalor empirical.In
the past 50 years, computational science
emergedhsa third approachfirst with simula-
tions and now with mining scientific data. In-
deed,most scientific departmentsiow havea
strongcomputationaprogram.The Virtual Ob-
servatoryis a uniquetool to teachtheseskills.

As with astronomythe Virtual Observatory
is a worldwide effort. Initiatives are underway
in manycountrieswith acommongoal: to join
the diverseworldwide astronomicaldatabases
into a single federatedentity facilitating new
researchfor the astronomycommunity. The
Europeamationalandinternationalastronomy
datacentersareleadingan effort fundedby the
EuropeanUnion. The Astronomical Virtual
Observatory(AVO) is led by the European
SouthernObservatoryand also backedby the
EuropearSpaceAgency. The Europearlnion
also sponsorsresearchin pipeline processing
technologyto handlethe anticipatedterabyte
data streamsfrom future large survey tele-
scopesThe United Kingdom fundsthe Astro-
Grid Projectto investigatedistributeddataar-
chivesGrid technologyJaparandAustraliaare
settingup their own largearchivesin the Unit-
ed States,the National Science Foundation
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sponsorgievelopmenbf the informationtech-
nology infrastructurenecessaryor a National
Virtual Observatory(NVO). Thereis a close
cooperationwith the particle physicscommu-
nity through the Grid Physics Network
(GriPhyN).NASA supportsastronomymission
archivesand discipline data centerswhile de-
velopinga roadmagpfor their federation.
Impressively theseprojectsare all coop-
erating, and are working toward a future
Global Virtual Observatoryto benefitthe in-
ternationalastronomicalcommunity and the
public alike. There are similar efforts under
way in other areasof scienceas well. The

COMPUTERSAND SCIENCE

Virtual Observatoryhas had and will have
significant interactions with other science
communities,both learning from some and
providing a modelfor others.
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Pathway Databases: A Case Study In
Computational Symbolic Theories

Peter D. Karp

A pathway database(DB)is a DB that describesbhiochemical pathways,
reactions,and enzymes.The EcoCycpathway DB (see http://ecocyc.org)
describesthe metabolic, transport, and genetic-regulatory networks of
Escherichizoli. EcoCyds an exampleof a computational symbolictheory,
which is a DB that structuresa scientibctheory within a formal ontology
so that it is available for computational analysis. It is argued that by
encoding scientibc theories in symbolic form, we open new realms of
analysisand understandingfor theoriesthat would otherwise be too large
and complexfor scientiststo reasonwith effectively.

Whathappensvhena scientifictheoryis too
large to be graspedby a single mind? De-
cadesof experimentatiorby molecularbiol-
ogiststo characterizehe molecularcompo-
nentsof single cells, combinedwith recent
advancesin genomics,have thrust biology
into the positionwherethe theoreticalunder-
standingof a systemsuchasthe biochemical
network of E. coli is too large for a single
scientistto grasp.This situationhasa number
of disturbing consequencedt becomesex-
tremely difficult to determinewhethersuch
theoriesare internally consistentor are con-
sistentwith externaldata,to refine theories
that are inconsistentor to understandhll of
the implications of such large theories.As
more details of sucha complex systemare
elucidatedexperimentally,it is not so clear
that our understandingof the systemas a
whole increasesif the new understanding
cannotbe integratedwith the largertheoryit
pertainsto in a coherentfashion.

In this article | arguethatasscientifictheo-
riesreacha certaincomplexity, it becomeses-
sentialto encodethosetheoriesin a symbolic
form within a computerdatabas€DB). | de-
scribepathwayDBs asa casestudyin encoding
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scientific theoriesin computers Although the
scientificcommunityclearlyacceptsheneedo
encodehe ever-expandinguantityof scientif-
ic datawithin DBs, DBs of scientific theories,
suchas a theory describingthe transcriptional
regulationof E. coli genesaremuchrarer.By
datal meanmeasurementsiadefrom individ-
ual experimentsby theoryl meanrelationships
inferredfrom theinterpretatiorandsynthesiof
many experimentatesults.The biological sci-
encesare particularly well suitedto the DB
approachbecausemany theoriesin biology
havea qualitativenature;they describeseman-
tic relationshipsbetweensystemswith many
differentmolecularcomponentsandthe causal
relationshipsbetweenthesecomponentshave
beenmeasuredn a qualitative rather than a
guantitativefashion.The DB approactis prob-
ably less appropriatefor quantitativetheories
that are bestdescribedby systemsof differen-
tial equationsor other types of mathematical
modelsin analyticalform.

Thetheoryof the E. coli metabolicnetwork
is an exampleof a theorywhosesizeandcom-
plexity are too large for a mind to grasp.The
metabolicnetworkis essentiallya chemicalpro-
cessingfactory within eachE. coli cell that
enableghe organismto convertsmallmolecule
chemicalghatit findsin its environmentnto the
building blocks of its own structures,and to
extractenergyfrom thosechemicalsTheE. coli

metabolicnetworkillustratedin Fig. 1, involves
791 chemical compoundsorganizedinto 744
enzyme-catalyzebiochemicareactiong1). On
averagegachcompoundis involved in 2.1 re-
actions.| posit that the majority of scientists
cannotgraspevery intricate detail of this com-
plex network. Omissionof evena single step
from the network canbe fatal for the cell.
Onemight arguethat the biomedicallitera-
tureis oneembodimenbf the theoryof the E.
coli metabolicnetwork,andthatasthe biomed-
ical literature enterselectronicform, we need
not be concernedvith the sizeand complexity
of biology theories.Although efforts to bring
thebiomedicaliteratureonlinearetremendous-
ly useful,thereare seriouslimitations to what
they will achieve:We cannotcomputeeffec-
tively with theorieswithin the biomedicalliter-
ature.Natural-languagéextsstill remainlarge-
ly opagueo computersgespitemanyadvances
in natural-languaggrocessing.For example,
onerelativelysimplequestiorwe mightwishto
ask of the E. coli metabolicnetwork is how
many of its reaction stepsare catalyzedby
multiple enzymesmeaningthey have backup
systemsand thereforewould targetinga drug
toward one of the enzymescatalyzing those
stepsbe ineffective? Answering this question
by using a pathwayDB such as the EcoCyc
pathwayDB is trivial, but answeringhis ques-
tion by processingthe biomedical literature
with a computerprogramwould earnthe pro-
grammera Ph.D.in computerscience.

Pathway Databases

A pathwayis a linked setof biochemicalreac-
tionsblinked in the sensethat the product of
onereactionis a reactanof, or an enzymethat
catalyzesa subsequeneaction A pathwayDB
is a bioinformaticsDB that describeiochem-
ical pathwaysand their componentreactions,
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