Towards the NationalVirtual ObservatoryA Report Prepared by theNational Virtual ObservatoryScience Definition TeamApril 2002

2PrefaceThis Report represents a result of deliberations of the National Virtual Observatory ScienceDefinition Team (NVO SDT), from July 2001 to March 2002. The creation of the NVO wasrecommended by the NAS Decadal Survey, ÒAstronomy and Astrophysics in the NewMillenniumÓ. The SDT was chartered jointly by the NSF and NASA in response to thisrecommendation, to: (1) define and formulate a joint NASA/NSF initiative to pursue the goals ofthe NVO, and recap the science drivers for such an initiative; (2) describe an overall architecturefor the NVO; (3) serve as a liaison to the broader space science and computer sciencecommunities for such an initiative; and (4) provide recommendations for proceeding.Following the Executive Summary, the overview chapter (NVO: The Key Questions and aSynopsis) provides a stand-alone overview of the key issues in Question/Answer format. It isfollowed by the main body of the Report, including several Appendices, which offer more detailsand supporting materials.This Report and a number of relevant links are also provided on the SDT website,http://nvosdt.org

3Table Of ContentsExecutive Summary..............................................................................................................4NVO: The Key Questions and a Synopsis.............................................................................61Introduction: The Birth of a Virtual Observatory.......................................................131.1 The Need and the Opportunity: Astronomy in the Era of Information Abundance......................131.2 The Changing Nature of Observational Astronomy.......................................................................151.3 Summary of the Virtual Observatory Concept...............................................................................161.4 Building on the Existing Foundations.............................................................................................171.5 Broader Significance and the Synergy With Other Disciplines.....................................................172Motivation: A New Scientific Paradigm....................................................................182.1 Efficiency of Performing Science on Massive Data Sources.........................................................182.2 Examples of NVO Science..............................................................................................................202.3 The Marriage of Theory and Observation......................................................................................232.4 Prospects for a Qualitatively New Astronomy...............................................................................242.5 Benefits for Other Sciences.............................................................................................................273Requirements and Capabilities of the NVO...............................................................283.1 Enabling New Science.....................................................................................................................283.2 Technical Foundations.....................................................................................................................323.3 Facilitating New Missions and Surveys..........................................................................................333.4 Fostering NVO-Enabled Research..................................................................................................334Education and Public Outreach..................................................................................344.1 A need for information technology and science literacy................................................................344.2 Components of a Successful Program............................................................................................345Implementation of the NVO......................................................................................375.1 Organizational Requirements..........................................................................................................385.2 Paths to Implementations................................................................................................................396Summary and Recommendations...............................................................................406.1 General Considerations and Principles...........................................................................................406.2 Specific Recommendations.............................................................................................................426.3 An Outline of the Development Process and Timeline..................................................................426.4 Conclusions: NVO as a New Research Environment for the Astronomy of 21st Century...........43Appendix A. The Existing Efforts: Foundations of the NVO..............................................44Appendix B: Additional Examples of Scientific Case Studies.............................................56Appendix C: Designing the NVO........................................................................................61Appendix D: Lessons Learned............................................................................................66Appendix E: A Plausible Budget for the NVO Development..............................................69Appendix F: The Team Membership..................................................................................71Appendix G: Selected Bibliography & Web Resources......................................................72Appendix H: Glossary of Acronyms...................................................................................72

4Executive SummaryAstronomy has become an enormously data-rich science. The cumulative data volume, nowmeasured in hundreds of Terabytes, is growing exponentially, with increases in data complexityand quality as well. The universe is now being explored systematically, in a panchromatic way,over a range of spatial and temporal scales that lead to a more complete and less biasedunderstanding of its constituents, their evolution, their origins, and the physical processesgoverning them. Complex multi-dimensional astrophysical phenomena require complex multi-dimensional data for their understanding. The inherent limitations of individual data sets can beovercome by combining them and thus uncovering a new knowledge that cannot be gained fromany one of them individually. This great richness of information poses substantial technicalchallenges, ranging from data access and manipulation to sophisticated data mining andstatistical analysis needed for their scientific exploration. Our current ability to fully exploitscientifically this data avalanche is limited by the existing tools and resources, and the problem isgrowing rapidly.The Virtual Observatory concept is the astronomy community’s answer to these challenges.It represents an organized, coherent approach to the transition to a new, information-richastronomy for the 21 century. The National Virtual Observatory (NVO) and its counterpartsworldwide would represent a new research environment for astronomy with massive data sets,harnessing the power of the information technology and the expertise from applied computerscience, statistics, and other fields to advance the progress of astronomy. This novel scientificorganization will be a geographically distributed, web-based, open and inclusive environment,with a broad constituency of users and contributors that transcends the traditional divisions ofwavelengths, ground vs. space based, etc.The NVO will federate the currently disjoint set of digital sky surveys, observatory andmission archives, astronomy data and literature services, and it will greatly facilitate theinclusion of future ones. It will provide powerful tools for the effective and rapid scientificexploration of massive data sets. It will be technology enabled, but science driven. It willgenerate more efficient and cost-effective science, and even completely new science, by makingpractical those studies that today are too costly in terms of the efforts and resources required. Itwill empower scientists and students everywhere to do first-rate astronomy, and it will becomean unprecedented venue for science and technology education and for public outreach.The scientific and operational requirements of the NVO map into a set of technicalcapabilities needed in order to fulfill this vision. These include development of the following: Standards for accessing large astronomical data sets that can accommodate the full range ofwavelengths, observational techniques, and application-specific needs for all types ofastronomical data: catalogs, images, spectra, visibilities, and time series; including alsostandards for metadata, data formats, query language, data and service discovery, etc. Mechanisms for the federation of massive, distributed data sets, regardless of thewavelengths, resolution, and types of data (e.g., images, spectra, catalogs, annotations,numerical simulations, etc.). Provide new, effective mechanisms for publishing massive data sets and data products,including quality control and links to other published data and to the literature.

5 Data analysis toolkits and services, including source extraction, parameter measurements,and classification from image data bases; data mining for image, spectra, and catalogdomains, together with federations thereof; multivariate statistical tools; and multi-dimensional visualization techniques for novel and complex data sets.· System wide gateways to provide access to these capabilities.· EPO-oriented data access and capabilities.These capabilities would build on existing foundations and would greatly expand theirfunctionality. Their implementation would lead to a fully operating NVO. We envision andrecommend three phases of development: Conceptual design, expanded definition of science drivers, implied technical capabilities,general, management, and costing issues; early development work, including furtherdevelopment of prototype NVO services that are funded through the existing grants andprograms. CY 2002 - 2003. Definition of the NVO operational/management structure; detailed implementation plan;increased capabilities implemented within the existing data centers, surveys, andobservatories; increased community input and involvement; initial development of archivesfor major ground-based observatories; dedicated NVO science funding. CY 2002 - 2005. Implementation of the full-fledged NVO structure with international connections;commencement of major NVO-based science programs; start of routine operations. FromCY 2006 onwards.A preliminary analysis suggests that the total anticipated budget for the period of 10 yearswill be $ 90 M (in real year dollars) of new funds, about 30% of which will be in grants andfellowships to the community. We believe that an investment in the NVO will result insignificant cost savings for future surveys, missions, and other data intensive projects. Werecommend the following immediate action items: Definition of a suitable organizational/management structure for the NVO that canaccommodate the needs and constraints of both the NSF and NASA and be consistent withthe vision, scope, and capabilities needed. Pending the existence of the NVO as an organizational entity, creation of an advisory,planning, and coordinating body which would continue and expand the functions started bythis Team. Identification of the funding venues for the development and prototyping of NVO technical,scientific, and EPO demonstration projects, together with steps towards a more dedicated andextensive future funding.In conclusion, it is the unanimous view of this Science Definition Team that the NationalVirtual Observatory is essential to the future well-being and competitiveness of U.S. Astronomy,and that this initiative should be fully funded as expeditiously as possible.

6NVO: The Key Questions and a SynopsisThe progress in astronomy over the past decade has been breathtaking. Remarkable newdiscoveries, both from the ground and space, have revolutionized our understanding of theuniverse and its constituents and have captured the public imagination and advanced thescientific literacy in the United States. Yet this is just a foretaste of the events to come in thenew era of information-rich astronomy.The amount of data in astronomy is growing exponentially, driven mainly by the advances indetector technology across much of the electromagnetic spectrum. The sheer volume ofinformation gathered in astronomy, both from ground and space, doubles every year and a half orso, similar to Moore’s law. This increase in data volume is also accompanied by increases in datacomplexity and data quality. The bulk of the information comes from large, uniform sky surveysover many wavelengths, typically containing many Terabytes of information and which detectliterally billions of sources. Synoptic sky surveys that produce many Petabytes of informationare imminent.These remarkable quantitative changes in astronomy will lead to some qualitative changes aswell. The very style of observational astronomy is changing, with large-scale, systematicexploration replacing the small sample, piecemeal studies of the past. The inherent limitations inwavelength, area coverage, depth, or resolution of these smaller data sets can thus be overcome.The universe is now being explored in a panchromatic way, over a range of spatial and temporalscales leading towards a more complete and less biased understanding of its constituents, theirevolution, and the physical processes governing them. Complex astrophysical phenomenarequire complex, extensive, and multi-dimensional data for their understanding.This great richness of information poses substantial technical and methodological challengesranging from issues of information discovery, data access and manipulation to sophisticated datamining and complex statistical analysis needed for their scientific exploration. Fortunately, theadvances in information technology can enable us to fully exploit these massive data sets quicklyand efficiently, and they allow us to pose and answer new questions about the Universe. Theexisting information infrastructure in astronomy is not up to the task, and this implies the needfor novel applications of information technology.The Virtual Observatory concept is the astronomy community’s answer to these challenges.It represents an organized, coherent approach to the transition to a new, information-richastronomy for the 21 century. The National Virtual Observatory (NVO) and its counterpartsworldwide will represent a new research environment for astronomy with massive data sets,harnessing the power of information technology and the expertise from applied computerscience, statistics, and other fields to advance the progress of astronomy in the era of informationabundance. The NVO would federate the currently disjoint set of digital sky surveys, observatoryand mission archives, astronomy data and literature services, and it will greatly facilitate theinclusion of the future ones. It would provide powerful tools for the effective and rapid scientificexploration of the resulting massive data sets. It would be also an unprecedented venue forscience and technology education and public outreach.

7The National Academy of Science (NAS) Astronomy and Astrophysics Survey Committee(AASC) recommended the establishment of the NVO, labeling it the Òhighest priority smallprojectÓ. This recommendation is in recognition of the scientific opportunities offered by thecoming large data sets in astronomy and the benefits from the application of informationtechnologies (McKee, Taylor, et al. 2001). In response to the AASC recommendation, NASAand the NSF established this Science Definition Team (SDT), with the charter to: (1) define andformulate a joint NASA/NSF initiative to pursue the goals of the NVO, and recap the sciencedrivers for such an initiative; (2) describe an overall architecture for the NVO; (3) serve as aliaison to the broader space science and computer science communities for such an initiative; and(4) provide recommendations for proceeding.This report is based on a series of meetings and teleconferences held between July 2001 andMarch 2002. Several key inputs were considered: the AASC report; a white paper generated byan ad hoc panel and presented to NASA and NSF in May 2000; a proposal to the NSFinformation technology research (ITR) program; a broader community input; and theproceedings of workshops and meetings held to develop the NVO concept.As the SDT began its work, a variety of views emerged as to what the NVO is and why it isneeded now. At the end of our deliberations, we reached a unanimous consensus endorsing thisconcept and its timeliness. The SDT used a series of key questions about the NVO to focus thediscussion, and these provide a framework for introducing the remaining chapters of this report.The remainder of this chapter lists these questions and the answers formulated by the SDT.The other chapters in the report provide more detail about the issues expressed here. Chapter 1summarizes the need for and motivation behind the NVO initiative. Appendix A describes theexisting foundations of the NVO. Chapter 2 and Appendix B describe the science drivers andends with a derived list of science requirements. Chapter 3 and Appendix C describe functionalroles and technologies needed for the implementation of the NVO. Chapter 4 addresses the EPOissues. Chapter 5 discusses implementation and management issues. Appendix D summarizeslessons learned from some related programs, and Appendix E provides a draft of a plausiblebudget for the development of the NVO. Chapter 6 provides our summary and a list ofrecommendations. Appendices F through H list the team membership, list of references and Webresources, and acronyms used throughout the text.1. What is the NVO?As conceived by the National Academy of Science in its Decadal Survey, the NVO will linkthe archival data sets of space- and ground-based observatories, catalogs of multi-wavelengthsurveys, and the computational resources necessary to support comparison and cross-correlationamong them. It will also provide tools for analysis, visualization and object classification, linksto published data, and inclusion of new ones. The NVO will be a complete research environmentfor astronomy with massive and complex data sets.2. What will the NVO do?The National Virtual Observatory will bridge the vast yet separate collections ofastronomical data from space and ground-based observatories, providing rapid and seamlessaccess to our knowledge of the Universe. The NVO will embrace selected existing astronomicaldata from NASA, NSF, international and private observatories, and it will provide a frameworkfor future astronomical data. Even just a few years ago, joining such large Òmega-sourceÓ

8databases would have been a daunting task. But today new information technologies enable thepublic to access dispersed databases as if they were a single entity. These new technologies canallow astronomers to perform a single search across data from a variety of observatories in avariety of wavelength regimes, and to then join these dispersed data together so they arepresented seamlessly for further analysis. Information technologies can also unite data fromcurrent and planned all sky surveys with existing space- and ground-based archives, minimizingduplication of effort and maximizing discovery potential.3. Why do we need the NVO now?A driving force behind the data growth in astronomy is the emergence of sky surveyscharting millions to billions of objects in unprecedented depth and measuring tens to hundreds ofattributes for each one of them. Effectively combining all these new and existing data setsrequires new technologies to provide efficient search, retrieval, and cross-identifications amongthe archives. Standards must be developed now to avoid wasteful duplication of effort; thelonger we wait to retrofit these data, the more expensive and time-consuming the task willbecome. Some of the existing examples include the SDSS, 2MASS, GSC-1 and -2, DPOSS,NEAT, LONEOS, NVSS, and FIRST. Larger surveys and survey-dedicated telescopes areplanned (VST, Vista, CFHT legacy survey, QUEST-2, many asteroid surveys, etc.), culminatingin the LSST, a 6.5-meter optical telescope designed to provide deep surveys of the entire skyevery few days. In addition, a growing number of ground-based large aperture telescopes (e.g.,VLT), now offer Internet-accessible archives, as do most NASA mission and data centers.Future space-based missions such as NGST will deliver orders of magnitude more data. Solarefforts, such as SOHO, TRACE, SDO, GONG+, SOLIS and the ATST are also providing floodsof heterogeneous data. Thus it is imperative to act now, otherwise the opportunities provided bycombining these large data sets will inevitably be delayed, the costs of combining them will beenormously increased, and the opportunity to apply them to steer the observations of the largeobservatories will be lost.4. What new science will come from the NVO?By providing the tools to assemble and explore massive data sets quickly, the NVO willfacilitate and enable a broad range of science. It will make practical studies which otherwisewould require so much time and resources that they would be effectively impossible. Federatingmassive data sets over a broad range of wavelengths, spatial scales, and temporal intervals maybe especially fruitful. This will minimize the selection effects that inevitably affect any givenobservation or survey and will reveal new knowledge that is present in the data but cannot berecognized in any individual data set. NVO-based studies would include systematic explorationsof the large-scale structure of the Universe, the structure of our Galaxy, AGN populations in theuniverse, solar interior structure, variability on a range of time scales, wavelengths, and fluxlevels, and other, heretofore poorly known portions of the observable parameter space. TheNVO will also enable searches for rare, unusual, or even completely new types of astrophysicalobjects and phenomena. For the first time, we will be able to test the results of massivenumerical simulations with equally voluminous and complex data sets. The NVO-enabledstudies will span the range from major, key project level efforts to supporting data and sampleselection for new, focused studies of interesting types of targets, both for the space-based andmajor ground-based observatories.

95. How is the NVO different from the archives we have now?The current data archives are largely disconnected islands. Researchers can search andretrieve data very effectively locally, but there is no coherent service providing cross-archivesearches, correlation, or data compatibility. Researchers must search multiple sites (assumingthey even know about all the useful sites) and manually join the retrieved data into a singleentity. This can often be done for small samples of objects, but it becomes dauntingly inefficientfor the millions of objects being generated by the new large sky surveys. Software and networktechnology has now reached a level of maturity that can support the development of a set ofservices available through the Internet, and it can now be applied to the field of astronomy. NVOwill effect the synthesis of all this.6. How is the NVO different from past efforts to unite archives?The NVO is more than just linking archives. The objectives of the NVO are much broaderthan providing a common user interface to distributed data archives. The NVO will combinedata discovery, data retrieval, data comparison, and data correlation tools into an integratedsystem, providing the necessary computational and data management services to the userautomatically. Past efforts to provide some of these capabilities, such as the originalAstrophysics Data System, were hindered by having to develop much of the enabling technologyfrom scratch, from the use of proprietary software and tools, and from the imposition of externalrequirements on internal systems. We now can take advantage of industry-wide ITdevelopments Ð with increasingly sophisticated facilities for combining and understandingcomplex, distributed data sets Ð and apply them to the astronomy domain without having to re-engineer existing systems. We also now have a strong archive infrastructure in place, at least forNASA mission data sets, and more than a decade of additional experience in all aspects of datamanagement and information services.7. What are the broader scientific benefits of the NVO?The problems and challenges associated with utilizing large data sets in astronomy will soonemerge in the other areas of science. Scientists in the Statistics and Computer Science disciplineshave found astrophysical data to be of particular interest because of its size, complexity and itsnon-proprietary nature. As a result, the NVO is already establishing substantial partnerships withapplied computer science, statistics, and information technology groups, and it will provide astimulus and a development arena for these fields as well. New technical solutions, algorithms,methodologies, etc., developed in the course of these collaborations will eventually benefit notonly other fields of science but also other areas of activity in society and the economy as awhole.8. What are the societal benefits of the NVO?The NVO EPO program will bring knowledge of our Universe and the excitement ofdiscovery into the classrooms and homes of America and the world. The NVO EPO effort willbe designed to provide the user with an integrated view of the Universe - a system that goesbeyond the traditional online portals to the various datasets. The integrated nature of NVO willprovide users the opportunity to build knowledge about the Universe by comparing, integrating,and analyzing information from diverse archives, a unique capability provided by NVO that is

10not offered by individual data archives. In addition to the existing outreach efforts, NVO willserve members of the art, entertainment, and pre-service teacher communities, and it willenhance the role of amateur astronomers as ambassadors of space science and astronomy to thegeneral public. The NVO effort also provides a unique opportunity to enhance technologyliteracy in a broad sense. The NVO will inform, excite, and educate the public about spacescience and astronomy, and serve as a catalyst for scientific and technological literacy in theUnited States.9. Where will the NVO be located?The inherent nature of the NVO is that of being geographically distributed. The overallexpertise needed for the NVO is broadly distributed across the nation. Moreover, data should becurated by experts and reside where they are located. In view of the very large scale of currentdatasets, together with their rapid rate of growth and dispersed nature, it is clear that anysuccessful incarnation of the NVO must be distributed in nature. Not only is a distributedstructure more efficient, more responsive and more easily implemented, it is also clear that adistributed structure is essential to the success of the NVO. If all the datasets now at hand wereto be centrally located, the time required would be such that the current distributed datasetswould have doubled in size; thus a central repository would never be complete.10. How will the NVO be managed?The NVO presents unique management challenges because of its distributed nature andbecause it must accommodate funding from multiple sources. This implies that the managementstructure must be carefully designed and tailored to these needs. Once this structure is in place,it will follow established methods of project management. A work breakdown structure derivedfrom a set of science requirements will be used to drive milestones and deliverables. An NVOproject office will direct the implementation and coordinate standards, and an oversight boardwill monitor the development. The NVO is also a global activity, for it will allowinterconnection with parallel efforts now underway internationally (e.g., the European AVO,EGSO, AstroGrid and AstroVirtel projects). Thus, the NVO project will interface with itsinternational counterparts to ensure development of a single set of standards and interfaces.11. How much funding is needed for NVO?The NAS Decadal Survey estimated that $70 million is required over a 10-year period toimplement and operate the NVO. We suggest a somewhat higher plausible budget of about $90million (in real year dollars) in new funding over a 10-year period. This total includes funds tojoin the archives together, to develop tools, and to actually use the NVO for research. Asubstantial fraction of the funding (approximately 30%) will be provided for research grants anda fellowship program to perform science projects with the NVO. This will be especiallyimportant in the early years to demonstrate and drive the NVO development. The level offunding for the grants program should be comparable to that provided to develop the NVO corecapabilities. Funding for undergraduate research fellowships should also be provided, as well assupport for an overall NVO pre-college Education and Public Outreach program. The NVO willlead to cost savings for future space- and ground-based observatories by providing a set of toolsand standards that can be used off the shelf. New archives and observatories will plug into the

11NVO, much like new web sites appear on the Internet. A sample budget for the NVO is includedin Appendix E.12. Has any funding already been spent on NVO?Some funding awarded through existing information technology opportunities is alreadysupporting the development of basic elements of the NVO. The largest is a five year, $10million effort funded through the NSF Information Technology Research (ITR) program todevelop services capable of solving some large scale science problems. Other small and mediumNSF ITR programs have been approved for NVO related projects, and several smaller efforts arefunded under NASA’s AISRP program. In Europe, similar sized efforts are underway, with atotal of $15 million committed to four projects: AVO ($3.7 million for FY02-06), AstroGRID($7.3 million for FY02-06), AstroVirtel ($1 million for FY02-04), and the EGSO ($3 million forFY02-FY04).13. What are the key steps to implement the NVO?The NVO must be implemented incrementally and with the widest possible involvement ofthe astronomical and information technology communities. There are several key steps:Phase I: Conceptual design, expanded definition of science drivers, implied technicalcapabilities, general, management, and costing issues; early development work, includingfurther development of prototype NVO services that are funded through the existing grantsand programs. CY 2002 - 2003.Phase II: Definition of the NVO operational/management structure; detailed implementationplan; increased capabilities implemented within the existing data centers, surveys, andobservatories; increased community input and involvement; initial development of archivesfor major ground-based observatories; dedicated NVO science funding. CY 2002 - 2005.Phase III: Implementation of the full-fledged NVO structure with international connections;commencement of major NVO-based science programs; start of routine operations. FromCY 2006 onwards.14. What are the major challenges in developing the NVO?There are many technological challenges associated with the NVO in the fields of datastorage, data access, data discovery, metadata, standards, interoperability, data-mining,visualization, multivariate statistical analysis, etc. Interdisciplinary partnerships offer paths tosolving these challenges.A major management challenge for the NVO is to coordinate a highly distributed effort,embracing a single set of goals to integrate national and international ground- and space-basedarchives. Within the United States, the major funding will come from the NSF and NASA,which will require the two agencies to jointly manage the activity, decide their relative roles, andprovide the appropriate level of funding. We expect the new joint NASA-NSF NationalAstronomy Committee will help address this issue. A challenge here is to ensure that the NVOproduces a value-added product that clearly delivers major benefits to the science community.This will require both a further development of science requirements and a clearly focusedapproach in implementing the NVO.

1215. How will we know that the NVO is a success?The NVO metric of success is how much it will increase the science productivity of allastronomers. With the NVO, projects that today might take months or years will be achieved inminutes or hours. The successful NVO will, in its mature form, be seen as an essential element inboth astronomical research and in education and public outreach. NVO activity will be at thecutting edge in advancing research capability and will be at the focus of prominent researchventures. We will know that the NVO is a success when it is used daily by thousands ofastronomers, educators, and members of the general public - and that it is taken for granted, justlike the most successful web-based information services today. Periodically, NASA and NSFadvisory groups should review the NVO activity to ensure that it is fulfilling its mandate and thatit is responding to the changing needs of its user communities.

131 Introduction: The Birth of a Virtual ObservatoryAstronomy, like most sciences, has become immensely data-rich, with data sets measured inmany Terabytes, and soon Petabytes. The sky is being surveyed systematically at manywavelengths, with billions of stars, galaxies, quasars, and other objects detected and measuredwith an unprecedented level of detail. These massive data sets are a new empirical foundationfor the astronomy of the 21st century, hopefully leading to a new golden era of discovery.Yet, the progress in the scientific exploitation of these vast new data sets has not kept pacewith the exponential growth in the amount and quality of the information available. We need anew approach, methodology, and infrastructure to fully exploit scientifically these greatquantities of information. These data sets and the technology to explore them will produce aqualitative change in the way astronomy is done, and they will open completely new fields ofastronomy. What is at stake is nothing less than the ways in which astronomy will be done in theera of information abundance.The response of the astronomical community to the challenges and opportunities given by theexploitation of massive data sets is the concept of a Virtual Observatory (VO). Within the U.S.,this was articulated by the NAS Astronomy and Astrophysics Decadal Survey Report (McKee,Taylor, et al. 2001), which recommended as the highest priority in the ÒsmallÓ (cost < $ 100M)category the creation of the National Virtual Observatory (NVO). Parallel VO definition andestablishment efforts now exist worldwide.The NVO will challenge the astronomical community, and yet it will provide newopportunities for scientific discovery that were unimaginable just a few years ago. It is adevelopment that is fundamentally different from traditional advances, such as the building oflarge new telescopes or space missions, but with an overall long-term impact larger than that ofany given observatory. This document describes the scientific opportunities and technicalchallenges of an NVO, and suggests an implementation strategy aimed at realizing the goals ofthe NVO in cost-effective manner. It should be viewed as a start of a building process. The Need and the Opportunity: Astronomy in the Era ofInformation AbundanceFor hundreds of years, the usual mode of carrying out astronomical research has been that ofa single astronomer or small group of astronomers performing observations of a small number ofobjects. In the past, entire careers have been spent in the acquisition of enough data to barelyenable statistically significant conclusions to be drawn. Moreover, because observing time withthe most powerful facilities is very limited, many astrophysical questions that require a largeamount of data for their resolution simply could not be addressed.This approach is now undergoing a dramatic and very rapid change. The transformation isbeing driven by the unprecedented technological developments over the last decade. The majorareas of change upon which this revolution in astronomy rests are advances in telescope designand fabrication, the development of large-scale detector arrays, the exponential growth ofcomputing capability, an increasing capability of space-based observatories and missions, andthe ever-expanding coverage and capacity of communications networks.

14The steep increase in the volume and complexity of available information is based on thegreat progress in technology, including digital imaging (the chief data source in astronomy), and,of course, the ways of processing, storing, and accessing information. Most of the scientificmeasurements and data obtained today are either generated in a digital form or promptlyconverted to one. Essentially all astronomical measurements today are digital in nature, andmost instruments contain some form of a digital imaging arrays. Such devices, in turn, are basedon the same technology (integrated circuits and microelectronics), governed by Moore’s law andare thus growing exponentially in their information-generating ability (see Figure 1).Figure 1. The total area of astronomical telescopes in square meters (upper curve), and CCDs measured inGigapixels (lower curve), over the last 25 years. The number of pixels and the quantity of data collecteddoubles every 18 months, following Moore’s law.In addition to this increased data rate, the manner in which observations are being made isalso changing. Although the new observatories in space and on the ground still devote asignificant fraction of their time to research in the single observer/single program mode wheresmall blocks of time are allocated to many specifically targeted research programs, more time isnow being devoted to large scale surveys of the sky, often at multiple wavelengths, that involvelarge numbers of collaborators. These large survey programs will produce coherent blocks ofdata obtained with uniform standards and with the amount of data often measured in terabytes.These trends will continue. For example, a facility recently recommended for construction bythe AASC decadal survey, the Large-Aperture Synoptic Survey Telescope (LSST) could produceup to 10 terabytes per day!A major technological development that will change the character of astronomical research isthe advent of high-speed information transfer networks with broad coverage. Although the rapidtransfer of large amounts of data over common networks is currently unacceptably slow (over 20days to transfer a 1 Terabyte data set), future networks will be much faster. The availability of

15these data rates, together with the high efficiency of data acquisition at both ground and spacebased facilities, will make possible the efficient transmission of large amounts of data to manydifferent sites. This technology will also enable access to specific subsets of data by anextensive user community that prior to this had no readily available access to these data; thepotential scientific yield resulting from this accessibility will be enormous.These technological developments have converged in the last few years, and they willcompletely alter the manner in which most observational astronomy is carried out. Thesechanges are inevitable and irreversible, and they will have dramatic effects on the sociology ofastronomy itself. Moreover, there is a growing awareness, both in this country and abroad, thatthe acquisition, organization, analysis and dissemination of scientific data are essential elementsto a continuing robust growth of science and technology. These factors make it imperative toprovide a structure that will enable the most efficient and effective synthesis of thesetechnological capabilities. Hence there is a need now for an entity such as a National VirtualObservatory to oversee the disposition of the growing body of astronomical data.As we look ahead, the astronomical community stands poised to take advantage of thebreathtaking advances in computational speed, storage media and detector technology in twoways: (1) by carrying out new generation surveys spanning a wide range of wavelengths andoptimized to exploit these advances fully; and (2) by developing the software tools to enablediscovery of new patterns in the multi-Terabyte (and later Petabyte) databases that represent thelegacies of these surveys. In combination, new generation surveys and software tools can providethe basis for enabling science of a qualitatively different nature.1.2 The Changing Nature of Observational AstronomyWhile the quantity of data continues to grow exponentially, our knowledge andunderstanding of the world has not kept pace. Transforming vast masses of bits into a refinedknowledge and understanding of the universe is a highly complex task. The great quantitativechange in the amount and complexity of available scientific information should lead to aqualitative change in the way we do science.Large digital sky surveys and archives now becoming the principal sources of data forastronomy. Increasingly, the field is being dominated by the analysis of large, uniform skysurveys, sampling millions or billions of sources, and providing tens or hundreds of measuredattributes for each of them. There is a paradigm shift in observational astronomy, with survey-based science becoming an ever more important way of exploring the universe in a systematicway. The sky is now being surveyed over a full range of wavelengths, giving us, at least inprinciple, a panchromatic and less biased view of the universe.We now have the tools to carry out surveys over nearly the entire electromagnetic spectrumon a variety of spatial scales and over multiple epochs, all with well-defined selection criteriaand well-understood limits. The ability to create panchromatic images, and in some cases digitalmovies of the universe, provide unprecedented opportunities for discovering new phenomenaand patterns that can fundamentally alter our understanding. In the past, a panchromatic view ofthe same region of sky at optical and radio wavelengths led to the discovery of quasars. Theavailability of infrared data led to the discovery of obscured active galactic nuclei and star-

16forming regions unsuspected from visible images. Repeated images of the sky have led to thediscovery of transient phenomena - supernovae, and more recently, micro-lensing events - aswell as a deeper understanding of synoptic phenomena. The joining together of various large-scale digital surveys will make possible new explorations of parameter space, such as the lowsurface brightness universe at all wavelengths.Many astronomical surveys, large telescopes, and space missions are already producing largequantities of high quality legacy data, and much of this is currently being archived (a glaringexception are many ground-based observatories, but plans exist to bring their archives on line aswell). Most of these data, obtained through use of costly and highly oversubscribed, state of theart facilities, have an unprecedented richness and depth, and they offer unique opportunities forapplication to a variety of scientific programs by a wide range of users. The existence of suchinformation-rich archives, containing multi-wavelength data on hundreds of millions of objects,will clearly create a demand within the astronomical community for access to the archives andfor the tools necessary to analyze the data they contain. Opportunities for data mining, forsophisticated pattern recognition, for large scale statistical cross correlations, and for thediscovery of rare objects and temporal variations all become apparent. For solar astronomy,where there is a rich heritage of research using disparate data sets, enormous new data sets areabout to become available which will require the NVO to fully realize their science productivity.In addition, for the first time in the history of astronomy, such data sets will allowmeaningful comparisons to be made between sophisticated numerical simulations andstatistically complete multivariate bodies of data. The rapid growth of high speed and widelydistributed networks means that all of these scientific endeavors will be made available to thecommunity of astronomers throughout the U.S. and in other countries.The potential for scientific discovery afforded by these new surveys is enormous. Entirelynew and unexpected scientific results of major significance will emerge from the combined useof the resulting datasets, science that would not be possible from such sets used singly. However,their large size and complexity require tools and structures to discover the complex phenomenaencoded within them. The NVO will meet these needs through the coordination of diverse effortsalready in existence as well as providing focus for the development of capabilities that do not yetexist. The NVO will act as an enabling and coordinating entity to foster the development oftools, protocols, and collaborations necessary to realize the full scientific potential ofastronomical databases in the coming decade.1.3 Summary of the Virtual Observatory ConceptThe NVO thus represents a response to the scientific and technological challenges andopportunities posed by the massive data sets in astronomy, and it enables their full scientificutilization. It is a mechanism for an orderly and coherent transition to the new, information-richastronomy.It represents an organizing framework for the broad spectrum of distributed efforts in order tominimize a wasteful duplication of work and resources and to create useful scientificfunctionalities quickly and efficiently. The NVO will act as a coordinating and enabling entity to

17foster the development of tools, protocols, and collaborations necessary to realize the fullscientific potential of astronomical databases in the coming decade.The NVO should not be viewed just as a new information infrastructure for data-richastronomy. Rather, it will be a comprehensive research environment for the new astronomy withmassive data sets, including data, tools, and services. The NVO goes beyond the existingstructures in that it would provide new and increasingly needed technical and scientificfunctions, including unprecedented data fusion and data mining capabilities, instead of just thepassive serving of limited data sets of the kind we have available now. It will make possiblerapid querying of individual terabyte archives by thousands of researchers, enable visualizationof multivariate patterns embedded in large catalog and image databases, enhance discovery ofcomplex patterns or rare phenomena, encourage real time collaborations among multipleresearch groups, and allow large statistical studies that will for the first time permit confrontationbetween databases and sophisticated numerical simulations. It will also facilitate ourunderstanding of many of the astrophysical processes that determine the evolution of theUniverse. It will enable new science, better science, and more cost effective science.The subsequent chapters and appendices of this report expand in some detail on thebackground, the scientific motivation and needs, the implied technical functionalities, and thepossible implementation paths for the NVO.1.4 Building on the Existing FoundationsThis novel enterprise rests on a solid foundation of successful and scientifically highlyproductive applications of information technology in astronomy. It represents both a qualitativeand quantitative leap ahead, but it is one based on an extensive existing informationinfrastructure and an active and vibrant community of developers and users of massive data setsand data services. The existing capabilities in astronomy, especially those developed over thepast decade of so, are truly remarkable. The NVO will continue on this path, enhancing the stateof the art and opening major new vistas for astronomy.Appendix A gives a detailed account of the existing astronomical data centers and archives,together with ongoing projects and activities relevant for the development of the NVO within theU.S. and their counterparts worldwide. NVO-related developments already have developed ahealthy momentum, but a vigorous, focused NVO effort is necessary in order to achieve the fullscientific potential offered by the combination of information technology and data sets ofincreasing size and complexity.1.5 Broader Significance and the Synergy With Other DisciplinesAstronomy is not alone in facing these problems. The technological challenges for the NVOare similar to those facing other branches of science, such as high energy physics, computationalgenomics, global climate studies, geophysics, oceanography, etc. The development of tools andtechniques to handle astronomical datasets of this size will clearly have to call upon newdevelopments in computer science and will have applications to fields outside astronomy. Thefull power of these databases cannot be tapped without the development of new tools and newinstitutional structures that can consolidate disparate databases and catalogs, enable access tothem, and place analysis tools in the hands of a broad community of scientists. Research and

18development of information systems technology is already underway in areas such as statisticalanalysis and data mining of large archives, distributed computational grids, data intensive gridcomputing (data grids), and management of structured digital information (digital libraries).Much of this research is relevant to the problems faced by the NVO. Information technology anddata management throughout the sciences will both advance, and be advanced by, the NVO.This creates a natural synergy between the NVO and applied computer science, statistics, andinformation technology. Strong partnerships between these disciplines, with the resultingbenefits for all involved, are a natural way of developing and using the NVO. The computerscience community already recognized this in a very tangible manner: much of the currentfunding for the development of the NVO comes from the NSF Information Technology Researchprogram. Collaborative programs with statisticians are also under way.The NVO concept also represents a powerful engine for the democratization of science.Making first-rate resources (the data and the tools for their exploration) available to the entireastronomical community via the Web would engage a much broader pool of talent, includingscientists and students from small educational institutions in the U.S. and from countries withoutaccess to modern or large telescopes or space observatories. Human intelligence and creativityare distributed much more widely than the technological resources of cutting-edge astronomy (orindeed any science). Who knows what great ideas would emerge from this pool? This openingof a scientific opportunity to everyone with Web access may have a very significant impact inthe long run.2 Motivation: A New Scientific ParadigmIn this Chapter, we examine the scientific motivation for the Virtual Observatory. Weachieve this through the discussion of an array of scientific scenarios, all of which are presentlyunachievable under the present mode of performing astrophysical research, but will be possiblebecause of the Virtual Observatory. Such case studies demonstrate the necessity for a VirtualObservatory as well as the creation of a new research paradigm, which embraces the latestadvances in information technologies, statistical knowledge discovery and distributedcomputing. We emphasize that in proposing the creation of the NVO, we are not advocating anyspecific science; rather, the NVO will enable and facilitate certain kinds of science. In summary,the NVO will provide advance our ability to investigate the Universe in three key ways:· By facilitating a vast increase in the efficiency of doing science on massive data sources,· By producing a truly coherent panchromatic view of all sources in the Universe, and· By allowing for the seamless integration of observations and theory.We discuss these three advances in greater detail below.2.1 Efficiency of Performing Science on Massive Data SourcesThe Virtual Observatory is designed to empower all users and increase their productivity byremoving the inefficiencies associated with data management and large-scale analysis of presentastronomical databases. This will allow the scientists to do what they do best: To ask the rightscientific questions of the data and then interpret and publish the subsequent answers to their

19queries. Therefore, the NVO astrophysicist will focus on understanding the Universe rather thanhunting and gathering the data they need.As an illustration of the expected increase in science productivity, we discuss the impact ofthe NVO on the search for distant clusters of galaxies in the X-ray satellite archives, which isvital for constraining our cosmological models. Table 1 shows the Past, Present and (possibly)Future state of this research area. Before the NVO (columns labeled Past and Present in Table 1),only hundreds of distant clusters have been found. This whole exercise has involved tens ofresearchers around the world who have dedicated decades to constructing these samples ofclusters. The scientific return of this work has been somewhat disappointing since there remainssignificant ambiguity over the value of Omega (the matter density of the universe) derived fromthese cluster surveys. We await a high precision measurement of this fundamental parameterwhich will be possible through the NVO since researchers will be able to cross-correlate allavailable X-ray and optical survey data, and through the use of innovative statistical tools,extract all possible clusters from these growing archives. This utopia is displayed in the Futurecolumn of Table 1 Ð we do not need to collect any more data since there is a predicted 10000clusters waiting to be discovered in the data we have today. The only hurdle in finding theseclusters is the laborious nature of the optical follow-up observations, which will not be a problemfor the NVO.Table 1 The Efficiency of the NVOBeyond just expanding the size of distant X-ray cluster surveys, the NVO will change theway we test and understand these surveys. Today, the selection function of X-ray cluster surveysis derived via rudimentary Monte Carlo simulations i.e. by adding fake, idealized clusters to thePAST(Pre-NVO)PRESENT(Pre-NVO)FUTURE(Post-NVO)ProjectedimprovementNo. of Clusters100 (EMSS)~300 for SHARC,RDCS, WARPS, CfA,MACS~10000100xData ArchivesEinsteinEinstein, ROSATROSAT,XMM,Chandra,ASCA2xManpower &time tocompletion5 people for 10 years30 people for 5 years1 grad studentfor six months100xSelectionFunctionAnalyticalcalculationMonte CarlosimulationsSimulateduniverses?ScienceReturnsOmega to 100%accuracy (0.1 to 1)Omega to 50%accuracy (0.2 to 0.4)Omega to 1%accuracy20x

20data and simply determining the success rate in detecting them. In the future, the NVO will makeavailable simulated universes, constructed Òon-the-flyÓ, from numerical simulations and semi-analytical models of galaxy formation. Observers will simply download these simulated datasetswith their real data and treat them like real observations, thus determining the sensitivity of theiralgorithms as a function of all the possible cosmological and observational parameters.In the last column of Table 1, we attempt to quantify the level of improvement gained by theNVO compared to present methods of finding distant X-ray clusters. Overall, the NVOrepresents a many orders of magnitude improvement over present-day capabilities, which is animpressive return on the investment. Table 1 provides only one example of where the NVO willgreatly improve science productivity: Similar improvements will be obtained by all researchersusing the NVO as they search for quasars, stars and planets etc. in massive data sources.2.2 Examples of NVO ScienceMuch of the power of the NVO will be in the capabilities of accessing, rapidly andefficiently, multiple data archives across a broad range of wavelengths and producing federated(or joined) data sets, which would enable new insights not achievable through any of the datasets taken individually. Here we offer some illustrative examples of this capability. Appendix Bcontains additional use cases.2.2.1 Examples of Possible NVO QueriesTo further illustrate the expected increase in scientific efficiency of the NVO, as well as thepanchromatic and multidimensional nature of NVO investigations, we provide here a handful ofpossible science queries issued by future users of the NVO in pursuit of scientific projects likethose discussed above and in Appendix B. Although these queries appear to be conceptuallystraightforward, they do require vast computational effort including the detection and federationof different datasets, automated statistical analyses and novel visualization of the final products.It is worth stressing that the results of these queries will still require significant interpretation bythe user; therefore, the NVO is not replacing the scientists, but making them much moreefficient. The NVO will release them from the burden of data management and manipulation tospend their most precious resource, i.e. their time, on the physical meaning of their results. To quantify the star-formation rate of galaxies, give me all galaxies that have a detected Haline with equivalent width greater than 5 Angstroms. What fraction of these galaxies isdetected in the radio? To identify possible AGNs, use the emission line ratios measured from SDSS and 2dF galaxyspectra to find low-luminous AGN candidates. Return their colors and emission lineparameters. To automate the identification of X-ray sources, return the distribution of the optical-to-X-ray fluxes for DPOSS sources detected within the error circle of XMM serendipitous sources. To find gravitational lenses, identify all elongated sources within 30 arcseconds of thebrightest galaxies in known clusters of galaxies. Return their colors, positions and atlasimages to the user.

21 To discover Brown Dwarfs, select all stellar objects for which 2MASS JHK colors are likethose of an A star and there exist overlapping optical catalogs such that V-J > some limit.Include objects for which an optical survey has been conducted but no object was detected ata specified sensitivity limit. Return atlas images in all filters of such objects, includingoptical non-detections. To find variable objects, overlay this image from HST with maps from the VLA. Show allknown sources in this area with links to data and references. Do any of the objects havemultiple epoch observations? To quantify the structure of our Galaxy, compute the correlation function of all known Astars correcting for edge effects and incompleteness. To constrain cosmological models, return 100 simulated surveys of AGNs and galaxies overthe SDSS and VIRMOS areas of the sky. Use a user-defined biasing prescription to placegalaxies and AGNs in the dark matter haloes. Impose a surface brightness limit of 28magnitudes per square arcsecond and return RA, DEC and multi-color magnitudes for allsources. To plan for a new satellite mission, find all quasars that possess both infrared and UV spectrawith resolutions of greater than R=1000. Return the number and spectra.10. To study solar active region velocity fields, select times and regions between the latitudes of+15¡ and +30¡ North where the average solar magnetic field strength is greater than 150Gauss. Return a time series of spectra obtained around the Fe I 5576 line at these locations.2.2.2 A Panchromatic Universe: Explosion in ScienceFor the first time, the NVO will open up a panchromatic and multidimensional view of theuniverse for all possible sources to all possible users. This will cause an explosion in scientificdiscoveries and, to illustrate this breadth of possible NVO science, we outline in Table 2 an arrayof scientific scenarios that will greatly benefit from the creation of a NVO. We also presentbelow one of the examples in Table 2 but discussed in much greater detail to illustrate the great Table 2 The Breadth of Science with NVOPlanetary/Solar SystemScienceStellar & GalacticAstronomyExtragalacticAstrophysicsHigh PrecisionCosmologyUnderstanding the SolarWindAn observationalmodel for our GalaxyTesting the evolutionand unification ofAGNsClusters ascosmological probesAsteroids, Comets, andKuiper Belt ObjectsTracing the Galactichalo using starsGalaxies inN-imensionalParameter SpaceGamma-Ray Burstersand Cosmic Star-formationSearch for Extra-SolarPlanetsMassive Catalogs ofPeculiar starsThe large-scalestructure in theUniverse and CosmicWebCosmic MicrowaveBackground andForegroundcontamination

22potential impact of the NVO, while in Appendix B, we discuss many more of the scenarios inTable 2 in greater detail. These scenarios will demonstrate the power of the NVO in stimulatingnew science.Appendix B gives a number of examples case studies corresponding to the entries in thistable. Here we illustrate one of these cases.2.2.3 A Case Study: Testing the Evolution and Unification of AGNsActive galactic nuclei (AGN) are the most energetic single objects in the Universe, with totalenergy production in excess of 10 ergs. These objects produce copious amounts of non-thermalemission, magnetic fields, and relativistic particles, and in addition they often are the source ofhighly collimated relativistic outflows that persist for 100 million years or more. The energyproduction rate for these objects can be equal to 100 times the total radiated energy of a typicalgalaxy, yet all of this energy is produced in a volume much less than a cubic parsec. Theastrophysical processes at work in AGNs are thus some of the most mysterious in the Universe,and a complete understanding of how they function will lead to new insights into the behavior ofblack holes, the evolution of galaxies, the general theory of relativity, and perhaps new physics.Thus a complete understanding of the nature and characteristics of the different types ofAGNs we observe in the Universe is a fundamental goal in astrophysics. Yet our understandingof these objects is severely hampered by the large dynamic range witnessed in their properties,e.g. they exhibit a wide range of redshifts, variability, obscuration and spectral shapes, thusgiving rise is an array of different colors across wavelengths from x-ray to radio. Astrophysicistsare attempting to construct larger, more complete, samples of AGNs in order to test many of thephysical hypotheses about AGNs, including: a) Determining if the observed properties ofdifferent types of AGNs are dominated by factors like orientation, environment and/orobscuration, thus testing the validity of the so-called Òunification modelÓ; b) Understanding theevolution of the AGN luminosity function, and, in particular, separating number evolution fromluminosity evolution; c) Constructing the AGN luminosity function at different wavelengths tounderstand the global evolution of AGN properties.Outline of the Project: Federate a large number (N) of surveys covering the same significant area on the sky, andspanning a large wavelength range (X-ray through radio). Include meta-data information (e.g. flux limit, areal coverage, passbands) so that thesurvey selection function can be accounted for in subsequent analyses. Identify AGN candidates in this joint dataset. Note that although confirmation mightrequire new observations, the process could be carried out in a statistical sense, resultingin a probability that any particular object is an AGN. One can further classify the objectin particular, well-established, AGN classes.· Compute derived quantities for each AGN e.g. orientation, obscuration, environment etc. To test the Òunification modelÓ of AGNs, identify statistically significant correlationsbetween objects in an N-dimensional parameter space i.e. look for joint correlationsbetween classes of AGNs and their orientation, obscuration, environment and spectralcharacteristics.

23 To compute the AGN luminosity function, determine the survey completeness andvolume given the joint selection function of the different surveys. Perform a statisticaltest to determine the degree of evolution as a function of several parameters includingredshift, environment etc. Construct simulated catalogs of AGNs based on cosmological simulations and semi-analytical theoretical models of AGN formation and biasing. Such simulations shouldcontain the same selection functions as the real data and, when compared to the data, beused to constrain the input models and cosmology.NVO Functionality Required: Federation of relevant surveys including cross-identification of objects in multi-wavelength surveys and interchange/merging of meta-data into a standard format. Statistically robust clustering algorithms to identify classes of objects in multi-dimensional data sets. This will include both supervised analyses (in which astronomicalknowledge guides the definition and analysis) and unsupervised analysis (in which newpatterns are recognized). Automated search for statistically significant correlations within the datasets andvisualization of the results to facilitate user feedback, change search parameters, etc.· Ability to allow user-defined functions and algorithms to be run on remote datasets e.g. tocompute the local environment of AGNs, to determine the luminosity function of AGNs. Creation of simulations on-the-fly, based on user supplied inputs or algorithms.Application of observation selection functions to these idealized simulations to generatesimulated catalogs with the same quantities as the real data. Allow user-defined biasingprescriptions for the placement of AGNs in the dark matter haloes.2.3 The Marriage of Theory and ObservationThe technological advances that have enabled the NVO have also provided the means for atruly revolutionary blending of theory and observation that has been, until now, impossible. Forthe first time in the history of astronomy, it is possible to carry out detailed calculations intheoretical astrophysics that address problems whose solutions have eluded all of astronomy.The exponential growth in computational capability has enabled this remarkable achievement,particularly through the establishment of national supercomputing centers and through thedevelopment of distributed parallel computing facilities. Very rapid progress is being made instudying nonlinear phenomena such as supernova explosions, the formation and development ofaccretion disks, and the evolution of relativistic outflows from active galactic nuclei. The abilityto calculate enormously complex problems has also led to revolutionary progress in studying Nbody systems, including following the evolution and interaction of every star in a globularcluster, and to the development of very complex stellar evolution codes that can reproduce thespectral energy distribution of entire galaxies as they evolve.Perhaps one of the most exciting syntheses of these remarkable advances in computationalastrophysics is the ability to follow the evolution of the entire universe from the originalprimeval density fluctuations through the formation and evolution of galaxies and clusters of

24galaxies. These elegant and intricate calculations involve a symbiotic combination of generalrelativity, cosmology, nonlinear gravitation, N body interactions, gas dynamics, and stellarevolution. They include the presence of dark matter and Òdark energyÓ as well as ordinarybaryonic matter. With current technology, theoretical astrophysics is coming close to being ableto model the Universe from the first few seconds after the Big Bang until the present day.All of these investigations, from star formation through black hole dynamics to the evolutionof the Universe, produce massive data sets. Moreover, the basic physical quantities contained inthese data sets can be converted into directly observable quantities: magnitudes, metallicities,line strengths, velocities, etc. Thus for the first time it will be possible to make directcomparisons between complex theoretical calculations and large, statistically significantobservational databases. Both observational and theoretical data sets will be readily accessiblethrough the NVO structure along with the tools necessary to compare theory and observation.Thus the NVO will make possible for the first time an interplay between theoretical models andobservational data on a truly meaningful scale; observers will be able to request simulateduniverses based on a suite of input parameters and then download the simulated datasets like realsurvey data. The NVO will make these numerical simulations available to all users, which willresult in the rapid refinement and verification of theoretical modeling, which, in turn, will lead torapid advances in our understanding of complex astrophysical processes.Theoretical astrophysics will also make a major contribution to the educational and publicoutreach efforts that will be coordinated through the NVO. The complex numerical simulationsoutlined above produce many striking and insightful images, as well as graphic animations thatenable the viewer to grasp the physics at work during the calculation. Such images andanimations will provide an extremely valuable resource for both formal educational applicationsand for general public interest.2.4 Prospects for a Qualitatively New AstronomyIn this Section, we expand our scientific discussion to emphasize the ability of the NVO toenable a qualitatively new form of astronomical research. This is based on the concept ofopening up the whole area of observable parameter space to all astronomers. We discuss this ingreater detail here.Every astronomical observation and survey covers a portion of the observable parameterspace, whose axes include the area coverage, wavelength coverage, limiting flux, etc., and with alimited resolution in angular scales, wavelength, temporal baseline, etc. Each one represents apartial projection of the observable universe, limited by the observational or survey parameters(e.g., pixel sampling, beam size, filters, etc.). Every astronomical data set samples only a smallportion of this grand observable parameter space, usually covering only some of the axes andonly with a limited dynamical range along each axis. Every survey is also subject to its ownselection and measurement limits. Surveys thus represent hyper-volumes in the observableparameter space. Individual sources represent data points (or vectors) in this multi-dimensionalparameter space. So far we have sampled well only a relatively limited set of sub-volumes ofthis observable parameter space, with a much better coverage along some of the axes than others.Some limits are simply technological or practical, but some are physical, e.g., the quantum noiselimits, the opacity of the Earth’s atmosphere, or the Galactic interstellar medium.

25Federating multiple surveys that sample different portions of the observable parameter spacecan provide a much more complex and complete view of the physical universe. The simplestand most traditional, yet very powerful, manifestation of this process is cross-identification ofobservations at different wavelengths.A parameter space representation of the available data shows us not only what is knownabout the universe, but also what are the unexplored areas where genuine new discoveries maybe made, and also what is knowable given the technological or physical limits of ourmeasurements. Now for the first time we have the adequate data and technology for such aglobal, empirical approach to the exploration of the universe.The unexplored regions of the parameter space are our Terra Incognita, which we shouldexplore systematically and where we have our best chance to uncover some previously unknowntypes of objects or astrophysical phenomena Ð as well as reach a better understanding of thealready known ones. This is an ambitious, long-term program, but we believe that with the datasets already in hand it is possible to make some significant advances.2.4.1 Historical AnalogsHistorical examples abound. The discovery of quasars resulted when some of the first well-localized radio sources were identified in the visible light with what appeared as otherwise non-descript bluish stars Ð yet they represented a new, spectacular natural phenomenon, and thescience of astronomy was changed fundamentally. A similar revelation happened when the skywas mapped for the first time in the far-infrared by the IRAS satellite: it was discovered that themost luminous objects in the nearby universe, identified optically with some irregular galaxiespreviously considered as mere curiosities, have their powerful energy sources hidden behind theveils of opaque dust. It is now believed that at least half of all star-formation regions and a largefraction of all AGN in the universe are escaping detection in the standard visible-light techniquesdue to such obscuration. Cosmic gamma-ray bursts (GRBs) are another spectacular example,where the breakthrough in the understanding of a new astrophysical phenomenon came frominsights gained at other wavelengths, including x-ray, optical, and radio: a 30-year cosmicmystery was resolved by combining the data from a range of wavelengths. Essentially all of thex-ray astronomy illuminated the universe in a new light: clusters of galaxies are primarily x-rayemitting objects, and we have gained great insights into a range of variable stars and AGN fromthe x-ray point of view, with information not available in any other wavelength regime. Even thewell-known supernova explosions emit about 99% of their energy in the form of hard-to-catchneutrinos; the spectacular fireworks we see represent only about 1% of their total energy budget.These remarkable discoveries represent simple examples of what is possible when data froma range of wavelengths are combined in a systematic way. Fundamental new phenomena arefound, and new insights are gained in the types of objects and processes already known to exist.We can surely expect even more spectacular discoveries and insights as we start to combine andexplore in detail the new generation of massive digital sky surveys, leading us to a better, morecomplete and deeper understanding of the physical universe.2.4.2 The Time DomainA relatively poorly explored domain of the observable parameter space is the variability onthe sky, especially at faint flux levels, at every wavelength. While a number of variable types of

26objects are already known, including many types of variable stars, quasars, novae andsupernovae, GRBs, etc., we know very little about the time-variable universe in a systematicway. There are already some puzzling phenomena found, e.g., the fast, faint optical transients,which may or may not be associated with distant supernovae, and the mega-flares on otherwiseapparently normal stars, which brighten by a factor of a few hundred for a period of hours ordays, for as yet unknown reasons. Since the time domain has historically been vital for solarphysics research, the incorporation of solar experience could bootstrap this aspect of the NVOtoolbox.2.4.3 The Low Surface Brightness UniverseThe most difficult problems to overcome in astronomy are bias and selection effects. Whatwe can observe literally becomes a task of what we can find in our catalogs and surveys. Bias iswell known in extragalactic research; bias to apparent brightness, bias to distance, bias to opticalemitters. However, less known is the cumulative effect that size, luminosity and density have onour ability to understand the full range of galaxies in our Universe. One of the primary goals ofthe NVO is to enable new discoveries and new science through the use of novel methods of dataanalysis and interpretation. Most data mining projects focus on extreme objects (the reddest ormost luminous) due to the nature of isolating a sample of objects with a range of characteristics.But, the NVO allows for the reverse to take place, the mining of parameter space, in particularthe exploration into regions where bias and selection effects have prevented analysis. The NVOallows researchers to combine datasets with new algorithms as they are developed with emphasison unusual domains of parameter space. One such domain is the region of parameter inhabitedby objects that have low contrast to the background. This region of parameter space has beenpoorly explored to due the computational difficulty in the detection of these diffuse, low surfacebrightness galaxies. By joining tools and datasets, NVO researchers will have unprecedentedability to explore the full parameter space of galaxy size, luminosity and surface brightness, atvarious wavelengths, to quantitatively, and systematically, determine the physical characteristicsof galaxies. This process not only leads to direct discovery and new knowledge, but also servesto guide future studies and improve the efficiency of planned observing programs.2.4.4 Searches for New Types of Objects and PhenomenaProbably one of the most interesting new kinds of science enabled by the large data sets isthe search for rare and new types of objects or phenomena, discovered as outliers in someparameter space of observed. This is an Òorganized serendipityÓ approach to exploration of largedata sets and a prime example of data mining applications in astronomy.A typical NVO data set may be a catalog of ~108-109 sources with ~102 measured attributeseach, i.e., a set of ~109 data vectors in a ~100-dimensional parameter space. Objects of the samephysical type would form clusters or sequences in this parameter space. The most populousclusters will be those containing common types of objects, e.g., normal stars or galaxies. But theunusual and rare types (including possible new classes) would form sparse clusters or even bejust individual outliers, statistically distinct from the more common ones. Rare objects may beindistinguishable from the more common varieties in some observable parameters, but beseparable in other observable axes. This approach has been proven to work and is now used onan industrial scale to find high-redshift quasars and brown dwarfs in SDSS, 2MASS, or DPOSS.

27We are mainly interested in a search for previously unknown types of objects or rarephenomena associated with known types, manifesting themselves through ÒanomalousÓproperties in some large parameter space. If some type of an interesting object is, for example,one in a million or a billion down to some flux limit, then we need a sample of sourcesnumbering in many millions or billions in order to discover a reasonable sample (or even justindividual instances) of such rare species. Obviously, we don’t know what will be found Ñ butthat is what makes this study exciting. This is exactly the kind of new science enabled bymassive data sets.2.5 Benefits for Other Sciences2.5.1 Applied Computer ScienceThe NVO provides a wonderful source of computer science challenges, and a laboratory fortesting new techniques. The Virtual Observatory is a perfect application of Grid computingtechnologies. Federating the world’s astronomy archives is a good application of the metadata,web service, and distributed query technologies computer scientists have been working on fordecades - but these challenges are at or beyond the limits of what we can do today. Managingthe Petabytes of NVO data, and performing cross-correlations among objects will require newapproaches and algorithms. Some examples are: Describe the NVO contents so that scientists can discover the information they need.This will probably be some form of XML schema that maps to each member of thefederation, and also a directory service that catalogs the NVO holdings; Provide location-transparent query facilities that produce an answer set from data pulledfrom various archives. Make this query facility fast enough so that it can be usedinteractively;· Visualize answer sets so that scientists can interactively explore the datasets; Provide near linear-time approximate algorithms to do cross-correlations among thesehuge datasets (current algorithms are polynomial and so fail on large datasets);· Develop algorithms for automated discovery in high dimensional data.Solutions to these challenges will likely benefit all the sciences, but the NVO provides anexcellent testbed to focus these efforts.2.5.2 Applied StatisticsLarge-scale astronomical datasets present some important challenges to the community ofmathematical statisticians and applied mathematicians. While multivariate analysis is a well-developed field, there are few methods that treat two conditions that will commonly appear inNVO datasets: known heteroscedastic (i.e. different for each object) measurement errors andcensored data (i.e. upper limits due to non-detections) in many variables. Many specific NVOproblems will engender real statistical challenges: characterizing the anisotropic nonlinearclustering of galaxies; classification of large collections of optical spectra; parameter estimationfor nonlinear astrophysical models fitted to heterogeneous datasets; and so forth. Closecollaboration between NVO astronomers and statisticians will be needed to fully address these

28complex problems. The statistical community in turn may well be enriched by the challenge ofthese astronomical problems. Statistical analysis of billions of objects with complex andheterogeneous attributes, presents entirely new challenges for both statisticians and computerscientists.2.5.3 Interdisciplinary Exchanges With Other Data-Intensive FieldsBiology is experiencing a similar data-flood as astronomy and astrophysics. Their datastorage and analysis problems are very similar to the problems we face in astrophysics and thuswe can hope for much cross-disciplinary research. For example, the detection andcharacterization of proteins as imaged by digital microscopes is analogous to the detection ofgalaxies as seen by a CCD detector. Recently, at Carnegie Mellon University, biologists havesuccessfully begun to use SExtractor, a software package designed for astrophysics, for theiranalysis of protein images. This illustrates the universal nature of the Virtual Observatory since itcould be used to store, manipulate and analyze any digital data.3 Requirements and Capabilities of the NVOThe NVO will take on a variety of roles and responsibilities that build upon the extant dataarchives and information services:· Enabling new science from large, highly distributed datasets· Facilitating new surveys and missions· Fostering NVO-enabled researchScience requirements in particular are key drivers for the definition of technicalrequirements. This will also automatically satisfy the second role. The NVO will not bedeveloped in a vacuum, however, and will be able to utilize and co-opt existing and the expectedfuture technological advances made in the IT arena by both academia and industrial partners.3.1 Enabling New ScienceIn the previous chapter and in Appendix B we discuss a number of scientific projects that arefacilitated by the NVO. These science projects require a suite of functional capabilities that theNVO must provide in order to be scientifically useful: Provide capabilities for discovering what data are available to the NVO user, and foreasily incorporating new data into the NVO framework. Provide seamless access to globally distributed data, whatever its type (observational orsimulated, images, spectra, catalogs, etc.).· Provide mechanisms for federating globally distributed data, whatever its type.· Provide seamless access to any online service, wherever it is located.· Develop universal standards for archiving future data sets. Develop analysis toolkits that can be used as is, or extended as needed, which facilitateprocessing of large datasets, including catalogs, images, and simulated data.

29 Develop new techniques for visualizing large quantities of data, including catalogs,images, or simulated data.· Link with existing and future digital libraries and journals.These capabilities, which might not seem revolutionary on their own, are qualitativelydifferent from what is currently available due to the size, dimensionality, and complexity of thecurrent and forthcoming datasets that will populate the NVO. The NVO will progress along anevolutionary path, slowly adding new functionality, and eventually all of these capabilities willbecome possible. In the following subsections, we explore the design implications of theserequirements. In Appendix C, more detailed design considerations are presented.3.1.1 Resource Discovery and Data PublicationThe NVO will be a dynamic environment in which new archives appear, existing archivesgrow and evolve with time, and old archives disappear.Ê The NVO must provide a dynamicmechanism for discovering which archives exist and what types of data they contain.Ê Eachsurvey represents a hyper-volume in the multidimensional parameter space of area coverage,wavelength, resolution, time, etc.Ê This information can be an integral part in the formulation ofany scientific query and so needs to be made available as part of the resource discoverymechanism.The resources of the NVO can be cast in the form of a large directory, with individualarchives or other resources being nodes within the directory. Because only a small number ofthese resources will be relevant to a typical scientific query, the directory must provide theability to rapidly identify the relevant resources and ignore the rest.Ê The boundary of the hyper-volume that a survey occupies within a multidimensional parameter space is seldom describablein simple terms; thus, methods must be developed for approximating the boundaries in a concisefashion.Ê For example, sky coverage can be described using a hierarchical triangulated meshscheme.Publication of new data to the NVO must be straightforward. However, new datasets must beconformant to a set of formatting standards that should be verified.Ê The new datasets mustprovide at least a minimum description of the essential properties of their contents-includinginformation about the quality and completeness of the data-with sensible default values used forunspecified properties.The NVO must be able to discover not only data archives but also computational resources.ÊFor example, some operations may require extensive computations that require replicating datato other sites. For certain datasets (e.g., those hosted at sites with limited computing capability),it will be cost-effective to maintain replicas of those datasets, which the NVO must be capable ofstoring and tracking. Such replicas, however, must be tagged and versioned, since the originaldatasets may evolve in time.Ê NVO must be able to discover where computational resourcesexist, what their capabilities are (storage, CPU, computing environment), and what bandwidthcapability exists between them and the data archive. Problems requiring these capabilities arebeing addressed by a variety of grid computing projects (e.g., Griphyn), and NVO should be ableto benefit from this experience.

303.1.2 Seamless Access to Globally Distributed DataNVO data sets will not be archived in one physical location, but rather will be distributed atmany facilities and managed and updated by domain experts. In order for scientists andcomputer programs to make use of such information, the data must conform to agreed uponmetadata standards. Metadata describes the nature and structure of the data, such as the headerrecords (keywords and values) in a FITS file. The FITS format, however, only defines themeanings (semantics) of data files for a few keywords (metadata concepts), focusing instead onthe structure (syntax) of the information. A major challenge for the NVO is to broaden thesemantic standards for astronomical data so that archives and catalogs can be queried usingcommon terms, and query results can be interpreted by both machine and human readers withoutambiguity. These standards must also encompass the results of theoretical simulations so thatmodels and data can easily be compared. Initially the NVO metadata standards will be used todefine interface layers that translate between the standard concepts and terms and site- orservice-specific terms. Eventually the NVO metadata standards are likely to be adopted fordirect use in image headers and table column headings, minimizing the need for interfaces ormediation programs. These standards should be created within the global VO context.3.1.3 Federating Globally Distributed DataData federation is the ability to treat multiple, independent catalogs, databases, or data sets asan integrated whole. Combining existing datasets can create new knowledge, knowledge thatdoes not require a telescope or a rocket launch. A prerequisite for data federation isinteroperable metadata standards, but for large amounts of data, there are additionalrequirements. Caching and replication services can save the results of complex joins of multipledatabases for later use. An efficient proximity join of a billion sources requires that the data beclustered so that nearby objects in the sky are also nearby in the data stream. The developmentand utilization of efficient indexing algorithms are therefore required.3.1.4 Seamless Access to ServicesThe NVO will not only need to deliver data to end users, but also to send data to appropriateapplications software that may or may not reside on the end users’ computers. A data requestcould involve server-side computations (image registration, image subsetting, image mosaicing,source extraction, statistical tests) that are hosted on designated servers in the NVO grid. Theseare the functional equivalent of services like today’s airline reservation systems-a user ofTravelocity or Expedia does not know, or need to know, what systems are actually searching forflight availability or making reservations. The difference, however, is that the NVO will requiremoving potentially large amounts of data to the computational services. The matching of data toservices will be based on the emerging Grid technologies.3.1.5 Developing Universal Archiving StandardsThe use of databases to organize, track and access astronomical data has grown significantlyover the last 10 years. The growth has been driven by an increasingly largeNVOlume of data, theneed to perform increasingly complex queries, and access to relatively low-cost commercialRelational Data Base Management Systems (RDBMS).Ê The data holdings in existing archivesare generally organized with a set of associated metadata sufficient to support queries about the

31data holdings and to allow data set retrieval. Some services such as NED and SIMBAD providequery and retrieval access across selected multiple archives. These services are examples of thefirst steps towards a database architecture that supports general cross-archive andcross-catalog query and retrieval.The NVO will begin by building on existing databases, archives, and catalogs to provideaccess to current space and ground-based data. This implies interfacing with a variety ofunderlying commercial and non-commercial database systems, metadata formats and structures,and suggests a query protocol sufficient to provide meaningful and sophisticated queries across awide range of data sets. A set of minimum standards will be needed as part of theimplementation. The standards will cover the data organization, metadata format and content,query protocol interface, and data delivery protocol. They will lead to an architecture thatincludes a translation layer between the NVO query protocol and the underlying databasesassociated with the existing archives. A layered approach is desirable since it minimizes changeat existing provider’s sites. The development of such standards is a critical function of the NVObecause it will allow future data sets to be designed and generated as NVO-compliant,in-turn resulting in increased functionality for minimum cost. The standards will also enable thedevelopment of tools to allow increasingly efficient development of future NVO-compliant datasets.The layered, standards driven database architecture described here, is consistent with anoverall NVO architecture consisting of tools layered on a set of underlying services interfacingthrough a set of standard exchange protocols. It is likely-and beneficial-that future archive anddatabase designers can make direct use of many of the NVO specifications, thereby minimizingdevelopment efforts and making interface layers extremely simple.3.1.6 Developing Analysis ToolkitsBoth the developers and users of the NVO will see the need for specific, but NVO-aware,data analysis tools. These might be specially tailored versions of more generic tools (i.e.,adapting a general classifier to work on peculiar stars), or customized source extraction codesthat are deployed to reanalyze large amounts of survey data. The community-based researchsupport program is expected to foster the development of such toolkits, motivated by individualresearch projects but made available within the NVO framework for reuse and adaptation byother scientists.3.1.7 Developing Visualization CapabilitiesThe vast quantities of information that the NVO will make available to astronomers aroundthe world threaten to overwhelm the general user. In order to make sense of all of thisinformation, new methods for visualizing both catalog data and large image mosaics on thedesktop need to be developed and provided as part of the NVO infrastructure. NVO users willfrequently be dealing with N-dimensional parameter spaces and will want to visually understandthe correlation of parameters, and perhaps more importantly, quickly detect outliers fromÒnormalÓ behavior.

323.1.8 Incorporating Digital Journals and LibrariesThe scope of the NVO extends from the data archives and associated object catalogs to whathas been written about these data and catalogs in the literature. We have already seen the valueof cross-referencing from services such as ADS to the on-line astronomical archives, and viceversa, so that bibliographic and data searches can quickly locate the underlying information.Moreover, the published literature includes many small and mid-size tabular data sets, and manyof these are already being incorporated into the on-line services of the ADC and ADS. Thereshould be many entry points into the NVO framework for researchers: from published papers,back to the original data and supporting or complementary data sets; from data and catalog-oriented data requests, including references to the appropriate literature citations; and fromoutreach and education sites.3.2 Technical FoundationsThe fundamental technical challenges that must be overcome in designing and implementingthe NVO can be summarized in three key areas: storing data, transmitting data, and processingdata. Fortunately, the same fundamental driving forces of information overload that are leadingour community to develop virtual observatories are also affecting other academic disciplines aswell as the corporate world.As a result, we are not forced to work in isolation, and we can and will adopt both technologyand partners as are warranted. The primary current initiative that we foresee adopting is theconcept of collaborative computing, which encompasses everything from peer-to-peer computing(which includes projects as diverse as SETI@Home, Napster, Gnutella, or Jabbar) tocomputational grids.3.2.1 Computational GridsIn the IT world, Grid based computing is the latest buzzword. Behind the fa�ade, however,Grid computing actually holds significant promise for providing an affordable, highperformance, distributed computational infrastructure. Grid Technology allows a user orapplication (such as the NVO) to utilize highly distributed computational processing resources,data storage resources, and networking resources as a single system. One of the key conceptsbehind grid applications is ÒVirtual DataÓ. This allows an application to interact with the Gridwithout actually knowing where the data resides, or is being processed.Several projects are leading the way in developing Grid Technology, including Globus(www.globus.org), Griphyn (www.griphyn.org), and the International Virtual Data GridLaboratory (www.ivdgl.org). Another prime candidate for collaboration is Teragrid(www.teragrid.org). Teragrid is a collaboration between NCSA, SDSC, Argonne NationalLaboratory, and Caltech to build a prototype Grid that includes Teraflop processing withTerabyte storage all connected by very high speed connectivity. Eventually, Teragrid is expectedto expand to additional sites, providing even larger processing power and storage capacity. Thereis an expression of interest from these projects to collaborate with the NVO.

333.3 Facilitating New Missions and SurveysCurrently all new NASA Space Science missions are scoped to include some level of dataarchive, or as a minimum the provision of a mission archive to NASA at the conclusion of themission. This is clearly a critical requirement given the large investment in space sciencemissions, and leads to long-term accessibility of data. Efforts are made to ensure conformity withcommon standards, e.g., FITS, and data are required to be passed to long-term archive sites(e.g., the HEASARC for high energy data) once the mission is complete. Providing an NVOinfrastructure that missions can build to, as part of their development, will reduce costs byproviding templates for the generation of standards data products. These include the data,catalogs, calibration transformations, data base designs, and a library of existing analysis anddisplay software. The NVO will also reduce the cost of accessing future data sets by providingstandards for electronic publishing of data sets.An important component of the NVO will be software simulations and models. These modelswill be both generated on the fly, and made accessible in pre-calculated forms. Access to suchmodels will reduce the cost of planning new instruments and missions. One example is theprovision of tools for the generation of star catalogs that meet specific magnitude, color, andastrometric criteria. Simulations of instruments for various mirror configurations are anotherimportant aspect of the development phase of new programs. The NVO will play a role byproviding access to models and simulations including ray traces, astronomical simulations forpoint and extended sources, a variety of spectral or time domain parameters.Future datasets will be more cost-effective to generate and access through the NVO becausethey can be inherently created as NVO-compliant. The compliance will be possible through thedevelopment of a series of standards as discussed in Section 3.1.3.4 Fostering NVO-Enabled ResearchMajor NASA missions such as HST and Chandra have high scientific productivity not onlyowing to the excellence of the observing facility, but also due to the strong support of thescientists who use the telescopes through their associated research grants. Similarly, theproductivity of the NVO will benefit greatly from a dedicated grants program for its scientificusers. Funding for NVO science programs could come in several forms.Tool Development. There should be regular ÒAOsÓ for opportunities to build software toolsthat utilize the NVO infrastructure. They would be delivered to the NVO for wider use by thecommunity and would follow standards defined by the NVO. It is important that these tool-building opportunities cover a wide range of possibilities and engage a large part of thecommunity. A strong science enabling case for each software tool must be made, but they willbe general user facilities that the entire community can use to do research.Focused Research Programs. There should also be regular AOs that provide funding touse the NVO for specific research projects with a well-defined goal. These programs might havea software component as well, but need not, and would be selected on the basis of scientificexcellence.Fellowship Programs. Again following the successful pattern of the Hubble FellowsProgram, NVO will benefit from a funded fellowship program that engages young scientists in

34the use of NVO facilities. This inherently interdisciplinary program should also includefellowships (or structured programs) for undergraduates and graduate students, providing earlyexposure to the relevance of information technology research generally, and NVO-enabledscience specifically.4 Education and Public OutreachNVO will establish an effective EPO program that builds upon existing efforts, takingadvantage of the unique aspects of the NVO data and framework, as well as new information andcommunication technologies that will be developing rapidly over the next decade. To be mosteffective, the EPO component of NVO needs to be built in from the very beginning of the projectdesign.4.1 A need for information technology and science literacyKnowledge of science, mathematics and technology provides the competitive edge in today’ssociety. Science and technology can act as key differentiators in our world’s rapidly changingeconomy. The K-12 and general public communities need long-term, efficient access toappropriate science and technology resources; these must be integrated into school curricula,programming of informal science education centers, the media, etc.In concert with the integrative nature of a virtual observatory that seamlessly cuts acrossdistributed data archives, the NVO EPO effort will be designed to provide the user with anintegrated view of the Universe - a value-added system that goes beyond traditional on-lineportals to the various datasets. The NVO EPO program will bring knowledge of our Universeand the excitement of discovery into the classrooms and homes of America and the world.Additionally, NVO provides an opportunity to expand the existing NASA and NSF educationand outreach efforts by identifying new sectors of society with a long-term interest in scienceand technology literacy. The OSS EPO program, for example, has primarily focused on the corespace science areas. The NASA NVO effort provides a unique opportunity to enhancetechnology literacy in a broad sense, over and above basic interest in astronomy and spacescience. The NVO EPO program will identify computer science and technology innovations andpractices that can be integrated into education outreach programs. For maximum impact, thiswill require close NSF-NASA education and outreach coordination, as well as adherence toNational Education Standards for science, mathematics, and technology (National ScienceEducation Standards, Project 2061 AAAS Benchmarks, National Council of Teachers ofMathematics Education Standards; International Technology Education Association Standards).This approach will facilitate integration of NVO resources into the pre-college curriculum.4.2 Components of a Successful Program4.2.1 Identification of NVO usersThe success of the NVO EPO program will be dependent on identifying potential users andtheir needs. NASA and NSF EPO efforts have traditionally served pre-college and collegeeducators and students as well as informal education institutions such as museums and

35planetaria. There are a number of additional potential user communities that reach beyond thetraditional audiences served by NASA and NSF data-driven initiatives. These communitiesinclude amateur astronomers, educators in teacher preparation programs, the art andentertainment communities, and libraries. Assessing the particular needs of the entire NVOcustomer base will be critically important to ensure that NVO resources and data access on-ramps are responsive to the varied requirements of different groups. This strategy will maximizethe likelihood that NVO resources will actually be used and will be of benefit to the targetaudiences.Digital images of interest to the K-12 community and general public are generated by avariety of science disciplines other than astronomy, as well as the arts and entertainment. Thereis already a great deal of interest about space science imagery from communities as diverse as artmuseums, public libraries, major Internet portals, and the media industry. Many NASA imagesare acquiring iconic status within the advertising and media industry. NVO will be able to reachbeyond existing EPO efforts by allowing user communities to build unique knowledge of thescience behind the images - the kind knowledge that only NVO will make possible throughcomparison and analysis of data from various archives.4.2.2 Example PartnershipsThe following examples illustrate that NVO EPO could offer innovative possibilities for newpartnerships that could be integrated with existing efforts.The Arts: This example would involve NVO providing imagery and tools through existingdistribution systems that link art museums and art schools internationally. Foundations such asthe Getty Foundation, and corporations such as Corvus, have made long-term commitments forthe infrastructure and content of imaging data within the arts. A number of Internet 2 projectshave been established in this area, with investments within the art world from companies such asIntel and Microsoft. Particularly, at the lower grades it may be possible to articulate anintegrated approach that allows NASA imagery to be integrated into the needs of art curricula.SETI@home: The SETI@home project, offers some obvious opportunities for innovativeways to disseminate NVO EPO materials. The SETI@home website currently receives 120,000separate visitors daily, and SETI@home is used by 7000 school groups involving some 100,000school children. SETI@home has captured the public imagination internationally and the numberof users is steadily growing. Each set of data processed by a person who has installedSETI@home on their home computer is linked to a specific position in the sky. NVO EPO couldroutinely provide imagery of the portion of the sky being processed by that individual’s homecomputer, along with associated educational materials. A recent survey of K-12 educators whouse SETI@home revealed that the most wanted resources by this population are digital imageryof sky objects and space science data for use in the classroom to engage students in the processof science.Pre-service Teachers: Another example involves using NVO to enrich and influence thetraining of future teachers of science, mathematics, technology, and the arts/humanities. Well-prepared teachers will be equipped to integrate technology into instruction and impact studentlearning, as they become practicing teachers in the K-12 community. In addition, technology-savvy teachers can serve as mentors to their peers and act as agents of change for enhancing theeffective use of technology in the classroom. Enhancing teacher preparation, as suggested here,

36in part responds to the recommendation by the aforementioned NAS Decadal Survey to developpartnerships between Astronomy Departments and Schools of Education for the purpose ofimproving science courses taken by future teachers.Amateur Astronomers: The amateur astronomy community in the United States represents avaluable, largely untapped source of expertise, energy and enthusiasm for engaging the public,communicating astronomy and space science research, and conducting public outreach activitiesat many different levels. It is estimated that there are between 300,000 and 500,000 amateurastronomers, including about 20,000 - 30,000 ÒaffiliatedÓ amateurs (defined as those belongingto one of more than 250 astronomy clubs in the U.S). NVO will allow the amateur astronomycommunity to participate in the process of research and discovery through access to data andanalysis tools. NVO will immensely enhance the knowledge of amateur astronomers, increasingtheir support and contributions to astronomy as well as dramatically increasing amateur-professional collaborations. Amateurs also interact with the K-12 community and community-based organizations such as boys and girls clubs, libraries, etc., and facilitate access to, andunderstanding of, space science and astronomy content, data, research discoveries, andappropriate materials. NVO will empower the amateur astronomy community to share theprocess of science with broad audiences, serving as a bridge between the professionalcommunity, educators, and the public.: This report recommends the creation of a postdoctoral fellowship program akin tothe and fellowships. To provide a continuous pipeline of expertise in the areasof space science and technology, NVO provides the opportunity to attract undergraduates andhigh school students into scientific and technical careers, through internship and mentoringprograms like the NSF’s Research Experiences for Undergraduates. Interdisciplinary approachesthat combine computer science, space science and astronomy, education, and journalism wouldbe able to highlight NVO discoveries in unprecedented ways.The Media: NASA space science missions and discoveries have sparked the imaginations ofmillions of television viewers and readers of newspapers and popular magazines. Images anddiscoveries of Hubble, Mars Pathfinder, Chandra, Mars Global Surveyor, SOHO, etc. havedemonstrated their broad popular appeal. The NVO EPO will serve as a rich source ofinformation, data, and scientific interpretation for the media at all levels. A media effort shouldbe modeled after the successful programs at STScI and JPL.A key issue that cuts across all potential partnerships is the need to provide training andprofessional development opportunities for the users of NVO. Training will help users becomefamiliar with the capabilities of NVO interfaces, the type of data available, and the tools that willallow manipulation and analysis.4.2.3 CoordinationThe NVO EPO effort will enhance its effectiveness by coordinating with successful existingEPO efforts at NASA, NSF, and beyond. The NVO EPO effort will coordinate with the NASAOSS network of space science theme-oriented Forums and regional Broker/Facilitators. TheNVO EPO effort will establish a pipeline for the scientific discoveries of NVO into the existingOSS EPO network, and also establish a structure of coordination at multiple levels, includingpartnerships and technical issues. The NVO EPO effort also needs to be well coordinated withNSF to design the best approach that meets the needs of both agencies for NVO.

374.2.4 EvaluationThe NVO EPO effort (partnerships, activities, resources, visibility, and impact on users)needs to be informed by independent evaluation. These evaluation activities will serve as aresource for the NVO EPO, as well as inform the communities involved in NVO of best methodsand practices that can serve as models. An independent EPO Working Group for NVO couldprovide the programmatic evaluation to ensure the goals of the program are being met, while themore in-depth assessment of impact may require the involvement and resources of anindependent evaluation group.4.2.5 Parallel and Independent EPO Competition for NVONVO must assure a funding approach for the EPO component that will lead to the mostqualified and experienced alliances and partnerships to facilitate coordination with existing EPOefforts, and an early beginning of EPO activities.5 Implementation of the NVOPrevious sections have described the technological changes that will enable a ÒnewastronomyÓ and the characteristics of an NVO that can capitalize and build upon those changesto enable new and more cost effective science than would otherwise be possible.The fundamental basis for the NVO management activities will be to recognize the sciencedriven nature of the NVO and to maximize the community participation in the NVO effort. Ingeneral, a management structure could involve three levels. These would be structured to ensurethat there is a usable and well-documented infrastructure, that the software projects are sciencedriven, and that bulk of the funding is dispersed to well-focused science based proposals that arepeer reviewed.The highest priority is to build the archive infrastructure and well-documented protocols toaccess the data. These will be standards for data access that the community can rely on to buildhigher-level tools. These would evolve as the technology advances, but should always bebackward compatible. This infrastructure should be funded via a base budget and developed andmaintained by the major NVO sites.A second level of implementation would provide opportunities to build software tools thatutilize the above infrastructure. These efforts could be funded by mechanisms similar to thecurrent Announcements of Opportunity. The resulting software products would be delivered tothe NVO for wider use by the community and would follow standards defined by the NVO. It isimportant that these tool-building opportunities cover a wide range of possibilities and engage alarge part of the community. A strong science enabling case for each software tool must bemade, but they will be general user facilities that the entire community can use to do research.Finally, there could be regular ÒAO’sÓ to use the NVO. These would be more specificresearch projects with a well-defined goal that might include software development. (This wouldbe similar to the current NASA ADP program). These would be much less structured in the senseof being grants and with the deliverable being a paper to a journal.In the early phases of the NVO, the emphasis may be on the first two areas, but as the NVOinfrastructure develops the balance of the funding between these three areas will evolve. A

38major objective of any implementation plan is to begin providing some levels of functionality asquickly as possible through use of existing tools and services. However, the development of theNVO capabilities should pursue aggressively the full scope of the enabling informationtechnology. The NVO must be capable of evolving as the information technology andastronomy evolve, and the new research directions and needs open up.5.1 Organizational RequirementsGiven the Charter of the Science Definition Team, we do not attempt to put forward adetailed Management Plan for the NVO. Instead, what is presented here is a brief description ofsome of the key issues that must be addressed in any implementation scheme, however the NVOis funded, and independent of the details of a management plan. It is the view of this SDT thatthese issues must be successfully addressed in any manifestation of the NVO if the NVO is to bea viable and long lasting component of the national and international astronomy communities.5.1.1 Communication and CoordinationAny successful model of the NVO must clearly incorporate robust and effective connectionswith many entities, both within and without the astronomical community. The principal linkagesthat the NVO must establish from the outset are the following:(a) Communication with the Astronomical Community as a Whole: This is an absolutelyessential element if the NVO is to succeed, and it will be difficult to construct. This connectioncannot be created by executive decision or by the forging of some cooperative agreement.Instead it must be carefully created through the establishment of trust and credibility on the partof the NVO. This in turn requires thoughtful and patient development of extensive lines of two-way communication. The community must be continuously informed of what the NVO is doing,and the NVO must continuously solicit, and clearly respond to, input from the community. Theimportance of making the community aware of the value of the NVO to all astronomers cannotbe overemphasized.(b) Coordination with Existing Astronomical Data Centers: This includes the existingNASA centers as well as the publicly funded national ground based observatories. In addition,links must be established with the major privately funded observatories, both optical and radio.(c) Interfacing with NASA, NSF and Other Agencies: Different funding agencies havedifferent objectives, cultures, and funding criteria. The NVO must be structured so that it canseamlessly accommodate the differing requirements from various funding agencies. This in turnimplies a flexible and streamlined management structure that is characterized by adaptability andrapid response.(d) Coordination with International Efforts: Virtual Observatory activities are underwayin many other countries, and the level of effort is especially high in Europe and the UK. Sincethe Virtual Observatory will eventually become a worldwide entity, it is essential that the USNVO begin coordination of its activities with those in other countries at the earliest possibletime. This will enable common structures and protocols to be established from the outset andwill avoid expensive and unnecessary duplication of effort later in the program. The early stagesof such coordination is already taking place between the US and European VO groups.

39(e) Collaboration with Other Disciplines: An essential part of the NVO is its dependenceon, and integration with, ITR research and development efforts. This connection is deeplyembedded in all NVO design documents, and ITR activities directly related to the NVO arealready underway. In addition to ITR, there are significant data archiving and managementprojects either planned or under development in other fields. Prominent among these are high-energy particle physics, molecular and cellular biology, and earth sciences. It is important thatthe NVO establish communication with researchers and institutions in these fields so that mutualadvantage can be taken of developments in the different areas. Additional fields are emerging orwill emerge with similar interests and problems involving data management (such as journalpublication and archiving), and these groups should be incorporated into the NVO linkages asappropriate. Connections with the high-energy experimental physics community are alreadybeing established, particularly in the area of grid technology.5.1.2 EPO MechanismsThe enormous potential of the NVO upon education and public outreach has been describedin detail in Chapter 4. In addition, that section contains a discussion of possible implementationmechanisms and recommendations for ensuring a funding approach for EPO that will lead to themost qualified and experienced alliances and partnerships.5.1.3 Flexibility, Evolution, and a New Management ModelThe NVO is a distributed federation of many different entities, with different histories andcultures, all working toward a common set of goals. In addition, the funding for the NVO will inall likelihood arise from multiple sources, and the NVO is a new concept that will evolve andmature with time. These conditions imply that a successful NVO must be characterized by astructure that accommodates evolution and adaptation, almost above all else. The NVO structuremust provide coordination and communication, as well as a Òsingle pointÓ contact in order torespond to funding agencies and external review processes. Yet it must also incorporate thediffering sizes, styles, and levels of effort of its component entities. Its functioning must betransparent and easily understood by one and all in order to obtain and retain support andcredibility from its user communities.These very diverse requirements imply that a new management model may be required forthe NVO and that adoption of past management structures may not be appropriate. Thesuccessful design of this new structure is perhaps the major challenge on the road to the NVO.5.2 Paths to ImplementationsAs stated in the introduction to this Chapter, the intent here is not to provide a specificimplementation plan for the NVO. Many general characteristics that are felt to be essential toany successful implementation have been described in general terms in Section 5.1, especially in5.1.3. Thus this section contains only brief summaries of some possible characterizations ofimplementation that have been under discussion among the members of the NVO community.(a) Timeliness: In order for the NVO to become a viable entity, it is essential that usefuland acceptable NVO functionalities be made available to the astronomy community very soonafter the establishment of the NVO. Otherwise the project will lose credibility, momentum, and

40relevance. The costs of delay include not only loss of interest within the community, but also thelost opportunity to capture the engagement of significant numbers of students, the loss of beingan equal partner in international collaborations which are already gaining momentum, and theinevitable increased costs that result from having to reconfigure and connect databases andarchives that have developed diverse structures and protocols.Perhaps the most effective and efficient way to avoid these costs of delay is to capitalize onexisting efforts and talents already extant at existing centers. Thus in addition to creating newinitiatives, the NVO should serve to integrate and coordinate current activities at the existingcenters. In addition, the activities described above that work toward involvement by the entireastronomical community should also be initiated as soon as possible. These could take the formof conferences, workshops, and special sessions at general meetings. NVO credibility alsoimplies the establishment of advisory and oversight entities at a very early stage, in the form ofworking groups, advisory committees, and visiting committees.(b) Interagency Coordination: The general characteristics of this topic have been describedin Section 5.1.1c. The specific implementation aspect noted here is that the recent COMRAAreport provides an ideal foundation for using the NVO as an outstanding example of jointsupport between NASA and the NSF. The required flexibility in the NVO management structuredescribed in the previous section should incorporate procedures that will easily accommodateany differences in funding cycles, reporting requirements, and management conditions that existbetween the two agencies.(c) Long Term Stability and Structure: There are already in place several research entitiesfunded by both NSF and NASA that have long and productive histories. A possible stable andlong-term structure for the NVO could be based on the proven management models for some ofthese centers. This could involve management through a consortium of universities, which couldin principle easily accommodate funding from different agencies. Advisory committee structure,reporting lines, and academic and financial infrastructure are all readily supplied by such amodel. Alternatively, a much less structured consortium, similar to the WWW consortium,could be envisaged. However, it is important that any detailed management structure be able toincorporate the general characteristics outlined in Section 5.1, and be robust enough to protectthe long-term health and functionality of the NVO from short-term funding.6 Summary and Recommendations6.1 General Considerations and PrinciplesWe believe that the case for the NVO is compelling-and it is growing more so in time as thequantity, quality, and complexity of astronomical data increase. Echoing the recommendation ofthe Decadal Report, we see the creation of the NVO as a high priority for American astronomyand as an initiative guaranteed to produce manifold scientific returns over the years to come. TheNVO is naturally a part of a broader international enterprise, leading to a truly global VirtualObservatory.The NVO initiative represents a natural field of cooperation between the NSF and NASA, inthe spirit of the COMRAA report. And while these two agencies are clearly in leadership roles

41for the NVO, involvement of other federal agencies (e.g., DOE or DARPA) may be both viableand desirable.Within the astronomical community itself there is an unprecedented range of participation.The NVO will transcend the boundaries of wavelength regimes and the traditional agencydomains (e.g., ground-based vs. space-based). The constituencies of the NVO also includecomputer science and information technology professionals and scientists from other fields aswell (e.g., statistics). Interdisciplinary efforts and mutually beneficial partnerships are crucial forthe success of the NVO, and they should be actively pursued and encouraged, through, forexample, interdisciplinary grant programs.The existing astronomical data centers, together with the numerous groups involved in thecreation and exploration of massive data sets and relevant information technologies represent astrong foundation for building of the NVO. The existing work conducted within the NASAcenters can be directed and augmented to serve the NVO goals. However, there is an urgentneed for the development and implementation of archives for major ground-based observatories.They will be equally important pillars of the NVO, alongside the already existing NASAcenters and other major archives.In addition to the technology and infrastructure development costs, a substantial fraction ofthe available funding should be dedicated specifically for the novel scientific investigations madepossible by the NVO framework. Early NVO enabled science would serve both as a communitymotivator and as a testbed. A rapid development of NVO prototype services and functionalitieswill both stimulate and attract a broader astronomy community and will provide a critical earlyfeedback in the development and evolution of the NVO. These services will represent the firstrealizations of the scientific potential inherent in the NVO concept, and engage the broadastronomy community in its development. Both the NSF and NASA can ensure that scienceremains the driver and the beneficiary of the NVO by funding competitive, cutting edge, NVO-based projects.A substantial portion of the initial NVO science funding should be oriented towards theyounger scientists: students and postdocs who will grow to become the new generation of leadersand experts making the most of this new field. This may be accomplished through PI grantprograms and through dedicated fellowship programs that will ensure a long term growth andsuccess of the NVO and an information-rich astronomy of the future.The NVO has the potential of becoming an unprecedented vehicle of science and technologyeducation in the broadest sense. The EPO component should be built in from the start, withsupport for strong partnerships involving scientists, NVO developers, and education and sciencepopularization professionals. Because of the rich opportunity offered by NVO for Education andPublic Outreach, there should be a parallel and independent competition for NVO EPO funding.While there is already a healthy momentum behind the creation of the NVO, a stable streamof adequate funding is necessary if this concept is to become a reality and fulfill its scientificpromise. The NVO should be seen as a source of great new opportunities in science, technology,and education, with resulting long-term benefits to the nation.

426.2 Specific RecommendationsGiven these general principles and desiderata, we make the following near-termrecommendations: The NSF and NASA should form a task force to define the appropriate multi-agencymanagement and funding structure for the NVO. Once such a structure is in place, adetailed implementation plan should be developed. In parallel with this task force, and in order to assure continuity, maintain momentum,and lead towards the full NVO, we recommend that the NSF and NASA jointly appoint asuccessor to this Team, with a mandate to:· Advise the agencies on all issues pertaining to the NVO;· Coordinate the activities of various participating groups; Develop, refine and modify the strategy and the roadmap towards the NVO as itevolves;· Continue to educate and involve the broader astronomical community in this process.We further recommend that there be specific working groups, which may operate under theumbrella of the SDT successor on the subjects of international cooperation and coordination,technical issues (standards, architecture, etc.), EPO, and possibly others. The NSF and NASA should designate a portion of the funding from their existingresearch and analysis programs specifically for the development of the NVO and NVO-based science. Funding of the early NVO demonstration prototypes should be a priority.A more extensive, dedicated NVO funding stream should be built in the future budgetingprocess. We recommend the establishment of NVO postdoctoral, and graduate and undergraduatefellowships. NVO must include a funding approach for the EPO component that will lead to the mostqualified and experienced alliances and partnerships to facilitate coordination withexisting EPO efforts, and that will ensure an early beginning of EPO activities.6.3 An Outline of the Development Process and TimelineWe see a phased development of the NVO as follows:Phase I: Conceptual design, expanded definition of science drivers, implied technicalcapabilities, general, management, and costing issues; early development work, includingfurther development of prototype NVO services that are funded through the existing grantsand programs. CY 2002 - 2003.Phase II: Definition of the NVO operational/management structure; detailed implementationplan; increased capabilities implemented within the existing data centers, surveys, andobservatories; increased community input and involvement; initial development of archivesfor major ground-based observatories; dedicated NVO science funding. CY 2002 - 2005.

43Phase III: Implementation of the full-fledged NVO structure, with international connections;commencement of major NVO-based science programs; start of routine operations. FromCY 2006 onwards.Appendix E gives an example of a plausible budget for the development of the NVO for theperiod of ten years. Conclusions: NVO as a New Research Environment for theAstronomy of 21st CenturyThe progress in science, astronomy included, tends to be gradual, punctuated with bursts ofcreative growth, which follow introduction of major new technologies. In astronomy, such anepisode happened in the early 1960s, with the advent of radio- and x-ray astronomy; this resultedin the discoveries of quasars, pulsars, the cosmic microwave background. Again in the mid-1990s another episode occurred, with the discoveries of forming and evolving galaxies at highredshifts, extrasolar planets, brown dwarfs, CMBR fluctuations, and many more, thanks in largepart to advances in telescopes and detector technologies. In both cases, new data-gatheringtechnologies ignited small scientific revolutions.We are standing on the threshold of a new era of discovery in astronomy. Information anddetector technologies are giving us data sets many orders of magnitude larger, richer, and morecomplex than anything we ever had before, and we have barely started to explore them. TheNVO will be our mechanism in making possible the next fundamental advances, and become anengine of discovery for astronomy.

Appendix A. The Existing Efforts: Foundations of the NVOIn assessing the current state of North American astronomy, the following resources are already in place tosupport the emerging NVO:Data Centers and Supercomputer Centers. Some tens of terabytes of data products (catalogs, images, andspectra) already exist for various space missions, public telescopes, and surveys; this will expand to a petabyte ormore of data by the end of the decade. Archive and data analysis capabilities exist at the major NASA centers(STScI-MAST, IPAC-IRSA, GSFC-HEASARC, and CXC) and at the CADC (Canada); many smaller or morefocused archives exist as well. Supercomputer centers such as the SDSC and NCSA are available for addressinglarge-scale computational problems. A high performance national networking infrastructure is already in place.Astronomical Information Services. Information services such as the ADS, NED, and SIMBAD exist for nameresolution and cross-referencing of galactic and extragalactic objects, and are providing increasingly sophisticatedlevels of interlinking between bibliographic information, the refereed and preprint literature, and the archival datacenters.Data Analysis Software. Various software packages such as AIPS, AIPS++, CIAO, IRAF, IDL, FTOOLS,SkyView, etc., exist for the general analysis of astronomical data. The development of sophisticated software forlarge scale data mining is still in its infancy, although new initiatives such as the NPACI-sponsored Digital Sky andthe IPAC Infrared Science Archive are showing the potential of such facilities and have prototyped the technologyrequired to correlate and mine such data archives.Although these resources are significant, anyone who has tried to perform multi-wavelength data analysis orlarge scale statistical studies combining several different catalogs, with the data involved being available fromwidely distributed and dissimilar archives, will appreciate how far we have to go to implement the vision of theNVO. Ground-based O/IR and radio data need to be pipeline-processed and archived routinely as space-based dataare now. Standards and protocols need to be developed to allow widely distributed archives to interoperate andexchange data. Astronomical data analysis software needs to evolve to be able to access data in distributed multi-wavelength archives as easily as local datasets are accessed now. New algorithms, applications, and toolkits need tobe developed to mine multi-Terabyte data archives. Supercomputer-class computational systems need to bedeveloped to enable large-scale statistical studies of massive, multi-wavelength distributed data archives. The data,software, and computational resources need to be interconnected at the highest available network bandwidths.A.1 Existing Astronomical Data Centers and ArchivesA.1.1 NASA Data Centers and ArchivesNASA’s Astrophysics Data and Information Services (ADIS) provide access to the data, associated softwareand expertise in its use from NASA’s astrophysics missions, with the prime goal of maximizing the use of these databy the world community. Immediate on-line access to the entire array of space-based astrophysics data is now takenfor granted, and multi-mission data analysis is routine. Web-based software tools allow users to explore andvisualize a rich environment of data holdings, retrieve data, software, and associated publications and instantly findcomprehensive information on a wide range of objects. A very successful education and public outreach programengages the general public and educators. Reuse of software across missions is now common and has resulted incost savings to the NASA program (e.g., STScI’s OPUS pipeline processing software and Spike planning andscheduling tools have been adopted by several mission science centers).NASA’s Office of Space Science has embraced the systematic archiving of data from space astrophysicsmissions for nearly two decades. This enlightened vision for comprehensive data management has culminated in anastrophysics data system composed of primary science archive research centers (SARCs): a high-energy SARC, anoptical/UV SARC, and an infrared SARC. The High Energy Astrophysics SARC (HEASARC) is located atNASA/Goddard Space Flight Center, the optical/UV SARC, known as the Multi-mission Archive at SpaceTelescope (MAST), is located at the Space Telescope Science Institute in Baltimore, and the infrared SARC, knownas the Infrared Science Archive (IRSA), is located at the Infrared Processing and Analysis Center (IPAC) at Caltech.

45The National Space Science Data Center (NSSDC) provides permanent archive services to the three SARCs andprovides direct archival services for the COBE and IRAS mission data sets. Active missions such as SIRTF, HST,and Chandra process and manage their data directly at the associated science operations center (SIRTF ScienceCenter, Space Telescope Science Institute, Chandra X-Ray Center). Active missions coordinate with the relevantSARC to assure access to their data during the mission lifetime and arrange for long-term access after the mission isover. In some cases active missions contract directly with one of the SARCs to provide archive and data distributionservices (e.g., the FUSE mission data are processed at Johns Hopkins University and archived at MAST/STScI).The current relationships between the NASA mission centers and research teams, the NASA data archivecenters, the NASA information/integration services, and the user communities are laid out in Figure 2.A brief summary of the roles of the mission science centers, data archive facilities, and ÒintegratingÓinformation services is provided below:Wavelength-Focused Science Archive Centers:High Energy Astrophysics Science Archive Research Center: The HEASARC, located at the GSFC, enablesarchival research using Gamma-ray and X-ray astronomical data (http://heasarc.gsfc.nasa.gov/). The HEASARCwas established by NASA in November 1990 as the first of three wavelength specific science archive researchcenters. Online access to astrophysics data was pioneered by the HEASARC and its entire data and softwareholdings are available for immediate download via the Internet. The Skyview facility that provides images of thesky in any waveband is hosted by the HEASARC. The HEASARC has helped define standards for data, softwareand archive interoperability that have resulted in substantial cost savings and improved data accessibility. Thecontents of the HEASARC’s data holding totaled 2.2 Terabytes as of the end of 2000, a 33% increase over the size at!

71Appendix F: The Team MembershipChairman:George Djorgovski (Caltech), george@astro.caltech.eduRegular Members:Charles Alcock (U. Penn.), alcock@hep.upenn.eduPiero Benvenuti (ESO), pbenvenu@eso.orgRoger Brissenden (CfA), rjb@head-cfa.harvard.eduDerek Buzasi (USAF Academy), Derek.Buzasi@usafa.af.milDave DeYoung (NOAO), deyoung@noao.eduIsabel Hawkins (UC Berkeley), isabelh@ssl.berkeley.eduGeorge Helou (Caltech/JPL/IPAC), helou@ipac.caltech.eduFrank Hill (NSO), hill@noao.eduStephen Kent (Fermilab), skent@fnal.govPaul Messina (Caltech), messina@cacr.caltech.eduAndrew Moore (CMU), awm@cs.cmu.eduJim Schombert (U. Oregon), js@abyss.uoregon.eduAlex Szalay (JHU), szalay@pha.jhu.eduMeg Urry (Yale), meg.urry@yale.eduNicholas White (NASA GSFC), nwhite@lheapop.gsfc.nasa.govConsultative Members:Robert Brunner (Caltech), rb@astro.caltech.eduPepi Fabbiano (CfA, ADCCC), pepi@head-cfa.harvard.eduEric Feigelson (Penn State U.), edf@astro.psu.eduFrancoise Genova (CDS), genova@newb6.u-strasbg.frJim Gray (Microsoft Research), gray@microsoft.comJon Hakkila (College of Charleston), hakkilaj@cofc.eduBob Hanisch (STScI), hanisch@stsci.eduSally Heap (NASA GSFC), Sara.R.Heap.1@gsfc.nasa.govRoberta Humphreys (U. Minn.), roberta@anubis.spa.umn.eduBarry Madore (IPAC/NED), barry@ipac.caltech.eduRoger Malina (UC Berkeley), rmalina@prontomail.comJanet Mattei (AAVSO), jmattei@aavso.orgTom McGlynn (NASA GSFC, USRA), tam@silk.gsfc.nasa.govRobert Nichol (CMU), nichol@cmu.eduEthan Schreier (STScI), ejs@stsci.eduMark Sykes (U. Arizona), sykes@as.arizona.eduEx Officio:Joe Bredekamp (NASA HQ), joe.bredekamp@hq.nasa.govWayne Van Citters (NSF AST), gvancitt@nsf.govEileen Friel (NSF AST), efriel@nsf.gov

72Appendix G: Selected Bibliography & Web ResourcesBanday, A., et al. (editors) 2001, Mining the Sky, A. ESO Astrophysics Symposia, Berlin: Springer Verlag.Brunner, R.J., Djorgovski, S.G., & Szalay, A.S. (editors) 2001, Virtual Observatories of the Future, AstronomicalSociety of the Pacific, Volume 225.McKee, C., Taylor, J., et al. 2000, Astronomy and Astrophysics in the New Millennium (Decadal Survey), NationalAcademy of Science, Astronomy and Astrophysics Survey Committee, Washington D.C., NationalAcademy Press. Also available online at http://www.nap.edu/books/0309070317/html/.NVO White Paper, in Brunner, R.J., Djorgovski, S.G., & Szalay, A.S. (editors) 2001, Virtual Observatories of theFuture, Astronomical Society of the Pacific, 225, 353. Also available online athttp://www.arxiv.org/abs/astro-ph/0108115.Szalay, A.S., and Gray, J. 2001, Science, 293, 2037.The NVO SDT Web Page: http://www.nvosdt.orgThe US NVO ITR Project Web Page: http://us-vo.orgThe VO Forum: http://voforum.org/The European AVO Project Web Page: http://www.eso.org/projects/avo/The UK Astrogrid Web Page: http://www.astrogrid.ac.uk/Appendix H: Glossary of Acronyms2MASSTwo Micron All Sky SurveyAASCAstronomy and Astrophysics Survey CommitteeADCAstronomical Data CenterADECAstronomical Data Center Executive CouncilADPAstrophysics Data ProgramADSAstrophysics Data SystemAGNActive Galactic NucleiAISRPApplied Information Systems Research ProgramAOAnnouncement of OpportunityASCAAdvanced Satellite for Cosmology and AstrophysicsAVOAstrophysical Virtual ObservatoryCCDCharge Coupled DeviceCfACenter for AstrophysicsCFHTCanada France Hawaii TelescopeCMBRCosmic Microwave Background RadiationCOMRAACommittee on Organization and Management of Research in Astronomy andAstrophysicsCXOChandra X-ray ObservatoryCYCalendar YearDARPADefense Advanced Research Projects Agency (DoD)DOEDepartment of EnergyDPOSSDigital Palomar Observatory Sky SurveyDTFDistributed Terascale Facility (NSF)EMSSEinstein Medium Sensitivity Survey

73EPOEducation and Public OutreachEGSOEuropean Grid of Solar ObservationsFITSFlexible Image Transport SystemFYFiscal YearGOGuest or General ObserverGONGGlobal Oscillation Network GroupGRBGamma Ray BurstGSRPGraduate Student Research ProgramHSTHubble Space TelescopeIRASInfraRed Astronomical SatelliteITInformation TechnologyITRInformation Technology ResearchJPLJet Propulsion LaboratoryK-12Kindergarten through 12th GradeLSSTLarge-aperture Synoptic Space TelescopeMACSMassive Cluster SurveyNASNational Academy of SciencesNASANational Aeronautics and Space AdministrationNCSANational Center for Supercomputing ApplicationsNEDNASA Extragalactic DatabaseNGSTNext Generation Space TelescopeNSFNational Science FoundationNVO National (U.S.) Virtual ObservatoryOADSOriginal Astrophysics Data SystemOSSOffice of Space ScienceQUEST2Quasar Equatorial Survey TelescopeRDBMSRelational DataBase Management SystemsRDCSROSAT Deep Cluster SurveyREUResearch Experiences for UndergraduatesROSATR˚ntgen SatelliteSAWGScience Archives Working GroupSDACSolar Data Analysis CenterSDSCSan Diego Supercomputing CenterSDSSSloan Digital Sky SurveySDTScience Definition TeamSETI@homeSearch for ExtraTerrestrial Intelligence @homeSHARCSerendipitous High-redshift Archival ROSAT Cluster SurveySIMBADSet of Identifications, Measurements and Bibliography for Astronomical DataSMMSolar Maximum MissionSOHOSolar and Heliospheric ObservatorySOLISSynoptic Long Term Investigation of the SunSTScISpace Telescope Science InstituteTRACETransition Region and Coronal ExplorerVIRMOSVIsible imaging Multi-Object SpectrographVLAVery Large ArrayVLTVery Large TelescopeVOVirtual ObservatoryVSOVirtual Solar ObservatoryWARPSWide Angle ROSAT Pointed SurveyWWWWorld Wide WebXMLeXtended Markup LanguageXMMX-ray Multi-Mirror Satellite