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Abstract.
We discusssomeapproachesto rich semantic interoperation of

web-basedservices,so that a user of the Virtual Observatory can
create a distributed network of servicesto read data from archive,
calibrate it, compute with it, fuse it to their data, estimate query
execution cost, and many others. Each of these servicescan be
maintained by di�eren t peopleand connectedby standardprotocols.
We point out the needfor interoperating the FITS and XML ways
of representing structured information, and the need for standard
semantics and representation of genericdata objects. We consider
Capability documents as a way to interoperate remote services,as
well as concrete implementations of these from the the geography
and businesscommunities.

1. Remote Data

This paper is about working with remotedata. First let us de�ne the idea
of a service, by which we mean a program (perhapsa web server), that
is listening on a socket for requests,then responding. The Yahoo search
engineor an FTP server are both services.We will de�ne a remoteservice
to be onewherethe (human) data client hasnever met the curator of the
archive, and they may speak no languagein common. Remotenessis not
about geographicaldistance,but about relying on standards: both client
and server must adhere to standard protocols for request and response
beforethe remote data servicecan be used.

Supposean astronomerhasbeentold about a catalogof astronomical
objects that she�nds interesting, and wishesto compareit with a catalog
shealready has. Let us considerthree ways in which this can happen: the
past, the present, and the (Virtual Observatory enabled)future.

Past: In the old days, this would mean a trip to the library to �nd out
who has the data, writing a letter to him requesting a copy of a
tape, followed by a wait of weeks,then hours of software installa-
tion, extraction of the required data, custom code for changing the
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coordinate system,and more customcode to convert to the required
�le format, then creating the \payload" code that does the client's
actual scienti�c analysis.

Present: These days we imagine these di�culties to be almost gone.
Thosewho own data are embarrassednot to have put it on the web;
alsowe have email and 100Megabit/secondconnections,so there is
no tedious waiting for the mailman to bring the tape. But in fact,
most of the stumbling blocks to data federationarestill present. The
data owner hasput a big text �le at an FTP site and told his friends
where it is. The client usesa web search engineor email to �nd the
FTP site, then downloads the text �le. Shelooks at the top of the
big table, and seescolumnscalled\RA1" and \RA2". An hour later,
sherealizesthat the 1 and 2 are footnotes,and at the bottom of the
table is an explanation that they are di�eren t equinoxes. Still there
is lots of customcode, or the useof tools like Matlab or Excel or IDL
to bring about the cross-comparison.

Virtual Observ atory Future: Let us supposethat the data owner has
put the data not just \on the web", but donesowith it Virtual Ob-
servatory Compliance.This meansthat the semantic meaningof the
data is exposed,and not only to the sharp intelligenceof a human,
but alsoto the dim wit of a computer. If a pair of numbersrepresents
a position in the sky, the computerknows that they canbe converted
to other coordinate systems,and can do this silently. VO Compli-
ant data serviceswill be registeredwith an information service{ like
Napster doesfor music �les { although we would expect it to be dis-
tributed, more like the Gnutella music service.Thus it will be much
easierto �nd relevant data. When a VO-compliant client connectsto
a VO-compliant server, there is a conversation about their capabili-
ties that the humans neednot worry about. Our astronomerclient
will usea shrink-wrapped catalog-comparisonservice,connectingthe
remote catalog and her own catalog, receiving a data object which
is the result, completewith provenancedata and a way to cite the
result in publications.

Thus the VO will be an exampleof a \semantic web" (Berners-Lee,
1998),a web of not just data, but semantically meaningfulcontent. With-
out being able to do this, much astronomy data will remain e�ectiv ely
inaccessiblefor meaningful research just becausethe sciencecommunity
will not be able to access,manageand manipulate all the available data.

Servicescould be connectedtogether by a user with a \mo dules and
pipes" model of component computing, each module representing a service
that is remote, where the user has not met the curator. As soon as the
module is brought on to the desktop, its capability document would be
fetched, so that decisionscan be made about how to connect it to other
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modules/services.The user could decidethat an output from one service
(for example\ g magnitude") shouldbeusedasthe input to anotherservice
(perhaps\ mag"). The computerchecks that the data-typesarecompatible,
and makes any necessaryconversion of physical units, then the human
decidesthat thesequantities are semantically equivalent.

1.1. Data Federation

Data federation (Williams et al. 1999) is simply the useof multiple data
sourcesto createknowledge,for examplevisual identi�cation of radio ob-
jects is federation of di�eren t wavelengths; identifying variable stars is
federation over di�eren t times. Given two catalogs,it is often interesting
to �nd the set-wiseintersection(�nd the samephysicalobjects represented
in both catalogs). In this new joined catalog, there is more data with each
object, more discrimination from others, a better chanceto �nd the rare
objects and seethe trends and clusters.

Federation of data is also a nonlinear e�ect: new knowledgecan be
createdfrom the fusion of datasetsthat could not be seenin the isolated
data. This new knowledgedoesnot require a rocket launch or a telescope,
indeed it is at very little cost. When the semantic web makes it easyto
federatedata sources,it can be doneeasily, checking an unlikely intuitiv e
hunch, or just looking for interesting things.

2. Structured Information

2.1. XML for Structured Information

XML is a \�le format for creating �le formats", and is rapidly becoming
an unassailablestandard acrossthe web. There is no doubt that it will
becomeoneof the cornerstonetechnologiesof the Virtual Observatory. For
a generalintroduction, go to any bookstoreor visit xml.com or xml.org on
the web.

XML looks super�cially like HTML, in that it has both control ele-
ments and text. A date in the recent past might be represented in HTML
as <i> April 12, 1997</i> , wherethe surrounding tag <i> meansthat the
text should be in italic. An English-speaking human recognizesthis as
a date, but computers and non-English speakers may not. In an XML
versionof the samedata, the date might be written:

<date>
<day>12</day>
<month>4</month>
<year>1997</year>
</date>

Now we have structured information. There are many tools that can
display and edit such data. Such tools can be usedto automatically check
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the schema of the document { for example, a memo can only have one
sender,but can have many receivers,or that in a date, the day, month and
year cannot be negative.

An XML representation of a date is more 
exible than just a text
string. A suitably informed computer can read and understand this date,
doing such useful things assorting documents in order, making histograms
of the number of documents received in each of the last 12 months. In
renderingthe date for humanconsumption,it couldwrite Month/Da y/Y ear
for Americans,andDay/Mon th/Y earfor the rest of the world, or substitute
locale-speci�c month namesfor the numbers.

Figure 1. A memo in XML, rendered with the XML notepad ap-
plication. The tree structure of elements and text is clear.

XML is an excellent vehicle for expressingdocuments and metadata,
and is now a powerful and universalweb standard. However, it is not good
at expressingbulk binary data; this is usually donewith a link to a �le or
URL, or it can be converted to text with Base64or similar.

Obviously if documents areexchanged,both senderandreceiver should
agreeto the samestandard. There are several examplesof astronomical
XML standards emerging, including Astores (Accomazzi et al. 1999) for
catalog data and AML (Astronomical Markup Language;see,Guillaume
1998)for bibliographic and other information.

2.2. FITS and XML

The bulk of this paper is about ways of exchanging structured, semanti-
cally meaningful information, about how publishers of such information
canadvertise themselves,how clients canautomatically con�gure an infor-
mation transfer or initiate a remote procedurecall. Such mechanismswill
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go a long way to creating the semantic web with will empower the Virtual
Observatory.

But �rst we can discussanother, more human sideto the story, a side
that is lesswell-developed. Astronomersare further alongthan many �elds
of sciencein that they havea universalstandardfor structured information:
FITS. This is a way to attach keyword-value pairs to binary information,
originally for images, now extended to tables and other types of data.
The development of XML followed a similar path: �rst it was for human-
readabledocuments, the emphasisbeing on the separation of style from
content in displaying such documents. However, XML has now becomea
genericway to represent structured information of many abstract kinds,
and is becomingthe universal languagefor everyone { with the possible
exceptionof astronomers,who invented structured information �rst!

In many ways FITS and XML are equivalent. Usersquickly realize
that the challengein using these for data exchangeis not one of �nding
processingsoftware, but in agreeingon the meaningof the data structure
(the \FITS headers"). There has beena lot of progressin creating stan-
dardsusingFITS asa vehicle,and thosewho are mandarinsof the Virtual
Observatory should be very careful not to tyrannize or sti
e such grass-
roots e�orts, but at the sametime to chooseand discriminate between
competing emergingstandards.

One project that will advancethe VO considerablyis a software tool-
box to convert back and forth betweenFITS and XML. This will encourage
cross-fertilization betweenthe worlds of businessand astronomy. In busi-
ness,they are consideringhow to add bulk binary data to XML, and in
astronomy, they are trying to get beyond the sometimesunintelligible 8-
character namesfor FITS keywords.

2.3. XSIL: Extensible Scienti�c In terc hange Language

XSIL (Williams 2000)is an XML dialect for commonscienti�c datatypes.
It de�nes a set of basic data objects { Parameter, Array, Table, data
Stream, Time, and so on, and is designedfor extensibility.

There are extensionmechanismsso that peoplecan build their own
specializeddata objects. For example,XSIL provides baseobjects Param
(parameter) and Array. Thesemight be combined to make TimeSeries(a
one-dimensionalarray plus a parameter StartTime and EndTime). That
object could then be extended in turn to make ObservationTimeSeries
(e.g., by adding more data about what instrument madethe data).

XSIL comeswith a Java parser and a browser to read it. If there is
an element in the XML side, the Java code looks for certain Java classes
of the samename to handle it, view it and edit it. Thus the browser is
extensiblein parallel with the XML.

XSIL can be usedfor a completedataset (all data in XML), or it can
serve asmetadata, pointing to local or remotedata, which can be URL or
�le, encodedor endianor plain text. Remotedata is only readon demand,
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and stored in a memory-e�cient way. The browser usesJava Swing and
the graphing and table components from KL Group (www.klgroup.com).

2.4. More Standards Needed

In addition to the standards mentioned above, one of the tasks of the
Virtual Observatory is to agreeon formats (XML or FITS) to represent
a broader range of semantic objects. Many of thesecan comefrom other
�elds, the computer scientists and businessare building thesenow.

� Document, Publishedarticle, Preprint, Person:wemust borrow from
the Digital Library community, as well as using existing standards
such as AML.

� Table,Link, Parameter,Array, Image: if thesebasicobjects arewell-
de�ned and implemented, we can build with them and reuse the
software.

� Message,Exception report, Servicecapability, Program: we needto
think sharply about the meaning of these things and the contexts
in which they might be used, so that we can exchange them in a
meaningfulway.

� An astronomical object (e.g., star) is distinct from an Observation
of that object. Does every object have a position in the sky and a
magnitude? What about largeobjects such asmolecularclouds,and
moving objects?

� Groups of objects, Extensions of object, Object handler. These
\meta-objects" are the natural next thoughts. Once I have a table,
I want a set of tables, the code to deal with tables, an so on.

The ISAIA project (Hanisch et al. 2000) is a wide collaboration to
make a hierarchy of such semantic standardsfor astronomy.

3. The Semantic Web

There are many astronomical data servicesavailable today, but most of
them assumethat a human is using the service,not a computer. There
is an idiosyncratic form to �ll in, and the results comeback in a nicely-
coloredHTML table. Such data cannot be read in any meaningful sense
by a computer, making it di�cult to federatedata services.

What we envision in the Virtual Observatory is a network of services,
each feedingdata to another, perhapswith very large quantities of data.
The servicesmay be independently curated and managed,and only when
a small, valuablepieceof knowledgecomesout is it presented to a human.
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Alternativ ely, bulk data is delivered to a user's program, but it may be
highly processedalready, and fusedwith other data products.

For example,in the future VO we could combine several serviceslike
this:

� A yellow-pagesserviceprovideslocationsof necessarydata and com-
puting services.

� A monitoring agent can keep track of a long-running computation,
allowing the human client to periodically check in, monitor, and steer
the computations,while retaining diagnosticand logginginformation
from the servicesbeing coordinated.

� A storageservicecanhandlemany Gigabytes for a long time for those
with appropriate authentication.

� A crossmatch servicecan take multiple input catalogs,possibly un-
ordered, and matching criteria, then create a \fuzzy join" on the
catalogs,basedon the criteria.

� Query estimation servicescan considerthe bulk data transfers and
computation that is suggested,and give estimatesof resourcecon-
sumption, both beforeand during the computation.

� A compute servicecan take a stream of data objects (e.g., catalog
entries), and route the stream to multiple slave processorsthat do
pattern-matching, then collect back the results asan output stream.

� A raw data archive may have somedata on tape, someon disk, some
at remote locations, but it can respond to querieswith a stream of
data objects deliveredat uniform fast rate.

� A compute service may calibrate the raw data on-the-
y, using a
subsidiary databaseto get the calibration coe�cien ts.

Servicescould then be connectedtogether by a userwith a \mo dules
and pipes" model of component computing, each module representing a
servicethat is remote, where the user has not met the curator. As soon
asthe module is brought on to the desktop,its capability document would
be fetched,sothat decisionscan be madeabout how to connectit to other
module/services. The user could decidethat an output from one service
(for example\ g magnitude") shouldbeusedasthe input to anotherservice
(perhaps\ mag"). The computerchecks that the data-typesarecompatible,
the human decidesthat thesequantities are semantically equivalent.

In the following sections,we describe someideasthat will be usedin
the geographiccommunity, and in the businessworld, to implement the
semantic web in the next few years.
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4. Capabilit y Do cumen ts

There is a greatdealof astronomicaldata alreadyavailableon the web. Let
usconsideran imaginary catalogof somekind of interestingstars, together
with a web-basedserviceto �nd out what catalog members are closeto a
given point in the sky. The builder of the servicemight have decidedto
useHTTP GET protocol, so that a requestmight look like this:

http://www.blah blah.edu/getdata?
request=table&RA=185.0&Dec=23.0&Radius=0.5

and it producesa responselike this:

183.22 22.6 17.1 16.8 17.3
186.13 22.9 16.3 15.9 16.4

A human could probably �gure out that RA is right ascensionand
Dec is declination, and that radius is a search area. The human would
be especially helped by seeingthe form that camewith the website, and
reading the attached documentation. The responseshown here is two ob-
jects from the catalog, each with RA and Dec and three magnitudes in
di�eren t �lters. However, none of this is clear without a human to read
and understand. It would be tediousto manually con�gure the connection
of a dozenor soservicesby examining the requestand responsesemantics
of each one.

In this sectionwe discussthe idea of a capabilit y documen t , where
a servicerespondsto a standard requestwith a document describingwhat
the servicecan do. For example, to get the capabilities for the service
above, we would submit this request:

http://www.blah blah.edu/getdata?request=capabilities

The capability document may contain these�elds:

� The nameof this service,with a title, abstract, contact information,
and a link to a web pagethat describesit.

� The versionnumber of the archive server software. When a request
comesin with a di�eren t versionnumber from that which the archive
server supports, a negotiation could take placeto determinea mutu-
ally acceptableversionof the communication protocol.

� Acceptabledistributed-computing protocolsfor requestsandresponses
(e.g., SOAP, Nexus, HTTP, RMI, Corba, etc. ), and speci�c infor-
mation about servers, port numbers, etc. While we assumethat the
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capability document itself is obtained by HTTP, there is no reason
why the requestand responseshould be transmitted this way.

� Available output formats, so that for examplethe keyword \format"
can be usedby the client. Then, for example, the requestcan con-
tain \format=csv" if comma-separatedvaluesare wanted. A binary
stream might be requestedas \encoding=bigendian&timeout=900"
for data stored on a slow medium like a tape robot. Ways of spec-
ifying binary streamsare speci�ed in the XSIL language(Williams
2000).

� Disposition of error, diagnostic and debugginginformation may be
returned. The default is a plain text messagein placeof the expected
response,but more sophisticatedmechanismsmay alsobe available.

� It may be that a service is only available to certain authenticated
users,or that payment must be made. A section of the capability
document de�nes the ways in which the server expects to be given
this information.

Part of the capability document could be a way of building a user-
interface,so that a human can frame a request. This would be an HTML
form that canbe usedaspart of another page. (Unfortunately, HTML is a
much looserlanguagethan XML, sothat its strict version,XHTML should
be usedto ensurethat the capability document itself is well formed. See
http://www.w3.org/TR/xh tml1/ for more details.)

4.1. Hierarc hies of Capabilit y: Sub ject Index

Oncewehavea way to describea singledata service,there is the possibility
to describe collectionsof servicesand links betweenthem. A simple way
to do this is by presenting HTML web pagesto a human user, who can
navigate to a servicethat shewants to use. But there are advantagesto
having a machine parsea list of services.Thereforewehavechosento allow
a capability document to describe lists of other capabilities documents as
well as a data service. In this way we can organize and crosslink data
services.

When a link is included in a capability document, it includesa \sub-
ject" element. Once we have the name of a subject we can append it
to the name of the previous service, then ask for subject-speci�c infor-
mation. For example, if we have been informed that subject-speci�c in-
formation is available on gamma ray astronomy, with the subject name
gammaray astronomy, then we can ask for speci�c capabilities as follows:

http://www.blah blah.edu/gammaray astronomy?request=capabilities
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Thus we can re
ect a directory hierarchy of serviceson the server with a
servicehierarchy that is visible to the client.

4.2. Capabilit y for the Request

In the exampleabove, the capability document explains to a human that
\RA" means\righ t ascension",a coordinate value on the celestialsphere.
To a computer, an explanation hasalsobeengiven, that this is a 
oating-
point number between0 and 360,and the text \degrees"shouldbe written
next to it. Similarly for \Dec".

The capability document might alsoexplain that other coordinate sys-
temsareavailable, and that this server canrespond to galactic coordinates
aswell asequatorial, that it canunderstanddi�eren t notations. Thusthere
are alternate versionsof the request,sothat this would alsobe acceptable:

http://www.blah blah.edu/getdata?
request=table&Glon=124.3&Glat=19.3

Each servicehasassociateda list of keywordsthat may beusedin a request.
Each keyword may have other information associated with it, including

� Information about the allowed valuesfor this keyword (mathemati-
cally, it's domain),

� Default valuesif it is omitted,

� Short and long descriptionsof the semantic meaning,

� Units (if any) implied for the value,

For the exampleabove, the keyword \RA" hasrange0 to 360degrees,
the title is \Righ t Ascension",and the explanation is \Righ t ascensionin
the J2000coordinate system,seehttp://... for further details".

One further type of interaction we might imagine is making SQL
queries to the service, or perhaps by sending someother script or code
to be executed.Small piecesof such script canbe sent asstrings aspart of
the request,and the capability document can indicate that this is allowed.

Keywords may be arbitrarily grouped, so that we can specify which
combinations of keywords can be usedfor a request. For example,\RA"
and \Dec" might form a group, and \Glon" and \Glat" another. Then
we can use either pair in a request, but we cannot mix keywords from
di�eren t groups. Keyword groupsmay alsohave a domain speci�cation: if
a catalog covers a small domain of the sky, then this domain is naturally
expressedon the joint object (RA, Dec) rather than on each coordinate
independently.
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4.3. Capabilit y for the Response

We have explainedhow the capability document can de�ne a serviceand
how to make a request. Now we shall consider the explanation of what
will be in the response,and what data formats are available. Let us think
of the responseas a table of data, with each row a data record, and here
we considerhow the capability document de�nes the headersfor the table.
Let us call each part of the data record a \column", to distinguish it from
\k eyword" that we have usedwhile describingthe servicerequest.

Each column is de�ned by:

� The nameof this column, its title, it abstract, its \further info" link,

� The data type to be used for storing it (int, 
oat, complex, string,
etc. ),

� Default value to be used in casea value could not be read by the
client,

� The minimum or maximum of the valuesin this column,

� Semantic meaningof the column: name,title, abstract, URL link.

For the column in the example above that is the chart number, it
might be de�ned as an integer between1 and 20 (the number of charts),
and it hasno units.

We would like to have the possibility of embedding links into the
responsedata, sothat wecandraw cataloginformation on imagedata, then
hyperlink to moreinformation about that object. For examplethe response
to a request might be a list of galaxies,each with somenumerical �elds
(brightness,color, etc. ), but also a link to an image, or to bibliographic
records. There could be an individual link for each galaxy, or there could
be a \template" link that camewith the metadata, that is to be combined
with someID number of the galaxy. For example,the template might be

http://www.blah blah.edu/further info?ID=$ID

so that the responsecolumn whosename is \ID" is to be substituted in
the relevant place.

4.4. Op enGIS Web Mapping Testb ed

The Geographic Information Systemscommunity (GIS) has already de-
�ned much of the capability document infrastructure described above, and
implemented many servicesthat useit. In the �gure below is an example
of a web browser showing a composite map of the English Channel, with
di�eren t map layers coming from di�eren t servers. Each server in the list
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(top of three pull-down menus) has provided a capability document, de-
scribing the nature of the di�eren t map layersthat it canprovide. The user
has selectedseveral of these (key, to the right), and chosenan order for
the layer stack. Here we seeevaporation, built areas,railways, population
centers, and coastline.

The OpenGIS initiativ e (www.opengis.org) has already de�ned the
XML format of the capability document for the caseof map layers being
returned by a server.

Figure 2. An exampleclient in a web browser,showing London and
France. Multiple layers are fused from multiple Open-GIS-compliant
servers.

5. Business Initiativ es

Businessis also realizing the utilit y of interconnectedweb-basedservices.
If a retailer hasdispatched goods through a packageservice,he would like
to show the customerthe status of the packagefrom his own web site, not
to simply say \here is the tracking number, go look it up with the package
company." Businessesthat broker information have an obvious interest in
a standard way for their computersto talk with thoseof their wholesalers.
This \B2B" (Businessto Business)market sector is growing strongly.
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It is becomingclear that the universalvehiclefor such communication
is by XML-formatted messagesdelivered by the HTTP protocol. In this
section,we summarizesomeof the initiativ esfrom various companiesand
consortia that can createa businessversionof the semantic web.

Table1 summarizesthe protocol stack. Wearebecomingfamiliar with
the idea of XML-formatted data objects carried on an HTTP protocol,
itself carried reliably by TCP/IP .

UDDI Registration and discovery
WSDL Servicedescription
SOAP Remoteobjects and computing, who doeswhat
XML Structured information
HTTP Identi�ed �le formats, e.g., Text, JPEG
TCP/IP Reliable transfer of byte streams

Table 1. A summary of the protocol stack.

In the following, we discussthe upper layers of the stack: SOAP to
allow rich messagesbetweenweb-client and web-server; WSDL to provide
capability information for web services;and UDDI for publishing the exis-
tenceof services.We shouldpoint out that the useof theseprotocolsdoes
not restrict data transfer to the HTTP protocol; however, we can usethe

exibilit y of theseprotocolsto decidehow high-bandwidth communication
can occur by someother mechanism, for exampleparallel FTP.

5.1. SOAP: Op en Distributed Computing

SOAP (SimpleObject AccessProtocol; see,e.g., Box et al. 2000)is an XML
format that carriescommandsand objects betweenclients and servers, in-
cluding who is being commandedby this message,and what reply is ex-
pected. While many web servicestoday usea keyword-value combination
as a request (such as the exampleabove, with the RA, Dec, radius key-
words), SOAP allowsthe useof a complexobject asa requestand response,
both serializedin XML. There is alsocapacity for remote-procedurecalls,
leading to simple distributed computing, but without the complexity of
CORBA or the languagespeci�cit y of Java RMI.

Several prototypeSOAP-basedservicesaredescribedat the Xmethods
web site.

5.2. WSDL: Service Description

WSDL (Web ServicesDescription Language)usesXML to describe net-
work servicesor endpoints. It can describe servicesthat use the HTTP
GET and POST protocols(keyword-valueset), and alsoservicesmediated
by SOAP.
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Requestsand responsesto a serviceareknown collectively asmessages.
Each of theseis a collectionof typesparts, for example\the variable alpha
in the messageis a 
oating-p oint number". An operation takesa message
as input and producesoneas output.

5.3. UDDI: Registration and Disco very

The UDDI initiativ e (Universal Description, Discovery and Integration
of Businessfor the Web, www.uddi.org) was started by Microsoft, IBM,
and Ariba, and many others. It provides a framework for the description
and discovery of businessserviceson the web. It does this by using dis-
tributed registriesof services,and conventions for accessingthat registry
using SOAP.

There are three components to the UDDI speci�cations. White pages
shows addressand contact information for the service,and yellow pages
categorizesthe servicewithin a hierarchy so it can be found easily. The
greenpagescomponent de�nes the technical information about the service
capabilities.

6. Conclusions

In addition to high-performancecomputingandhigh-performancenetwork-
ing, the Virtual Observatory will requirea leapin semantic interoperability.
While the webalreadyprovidesinteroperability betweenhumans(mediated
by computers), the VO will consist of servicesthat interactively perform
multiple stepson the user'sbehalf. Thesetasks may require oneweb ser-
vice to call on other web services,coordinationg the stepslike a traditional
software program executescommands. The problem today is that inte-
grating with other servicesremains di�cult, becausetools and common
conventions for interoperation are lacking.

The astronomicalcommunity is well-versedin the art of making stan-
dard semantic data objects using FITS �les, and they will bene�t from
further such standardization under the auspicesof the VO. However, the
range of information objects must be wider, taking such standards from
the computersciencecommunity. Furthermore, astronomersmust embrace
XML in addition to FITS as a vehiclefor structured information, thereby
getting the best of both.

We are all expecting archive-basedresearch to be a fourth arm of the
scienti�c method, in addition to observation, theory, and simulation. For
this to happen, it must be possibleto connectapparently disparate ideas
into a hypothesisand then makeappropriate tests. Therefore,data services
must be interoperableeven when the the peopleinvolved have never met
and nobody has ever thought of connecting these services. This is why
standardsare necessary. We do not know in advancewhat kinds of data
will interoperate with what.
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High bandwidth data exchangeandhigh-performancecomputingcome
after the semantic web has beenestablished. Once it is establishedthat
multiple servers can e�ectiv ely interoperate and they have the necessary
data, then the experimenter will be able to connectthe serviceswith high-
performancedata services.In the wordsof Kernighan, \First make it work,
then make it fast".
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