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a b s t r a c t

TheUSVirtual Astronomical Observatorywas a software infrastructure anddevelopment project designed
both to begin the establishment of an operational Virtual Observatory (VO) and to provide the US
coordination with the international VO effort. The concept of the VO is to provide the means by which
an astronomer is able to discover, access, and process data seamlessly, regardless of its physical location.
This paper describes the origins of the VAO, including the predecessor efforts within the US National
Virtual Observatory, and summarizes its main accomplishments. These accomplishments include the
development of both scripting toolkits that allow scientists to incorporate VO data directly into their
reduction and analysis environments and high-level science applications for data discovery, integration,
analysis, and catalog cross-comparison. Working with the international community, and based on the
experience from the software development, the VAO was a major contributor to international standards
within the International Virtual Observatory Alliance. The VAO also demonstrated how an operational
virtual observatory could be deployed, providing a robust operational environment in which VO services
worldwide were routinely checked for aliveness and compliance with international standards. Finally,
the VAO engaged in community outreach, developing a comprehensive web site with on-line tutorials,
announcements, links to both US and internationally developed tools and services, and exhibits and
hands-on training at annualmeetings of the American Astronomical Society and through summer schools
and community days. All digital products of the VAO Project, including software, documentation, and
tutorials, are stored in a repository for community access. The enduring legacy of the VAO is an increasing
expectation that new telescopes and facilities incorporate VO capabilities during the design of their data
management systems.
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1. Introduction

1.1. Beginnings

The formal Virtual Observatory (VO) program in the United
States began with the 2000 Decadal Survey of the National
Academyof Science, inwhich aNational Virtual Observatory (NVO)
was identified as the top priority small initiative (McKee et al.,
2001).
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The NVO is the committee’s top-priority small initiative. NVO
involves the integration of all major astronomical data archives
into a digital database stored on a network of computers,
the provision of advanced data exploration services for the
astronomical community, and the development of data standards
and tools for datamining. The committee recommends coordinated
support from both NASA and the NSF, since NVOwill serve both the
space- and ground-based science communities.

The NVO project and parallel projects in Europe and the UK were
formulated through a series of meetings, beginning with ‘‘Virtual
Observatories of the Future’’ (Brunner et al., 2001), held at the
California Institute of Technology in 2000 June.

At the 2002 conference, ‘‘Toward an International Virtual Ob-
servatory’’ (Quinn and Górski, 2004), held in Garching, Germany,
the International Virtual Observatory Alliance2 (IVOA) was formed
with the NVO, the Astrophysical Virtual Observatory (AVO, ESO),
and AstroGrid (UK) as founding partners. R. Hanisch, the then-NVO
Project Manager, was the first chair of the IVOA Executive Com-
mittee. In the subsequent decade, the IVOA has grown to have 21
member national projects.

The IVOA patterned itself on theWorld-WideWeb Consortium3

(W3C) and adopted its process for the development of standards
(Working Drafts → Proposed Recommendations → Recommen-
dations) with the actual standards documents developed by a set
of working groups. (See Section 3.1 for more details.) A Virtual Ob-
servatory Working Group was established under Commission 5 of
the International Astronomical Union (IAU) in order to give IVOA
Recommendations official status within the IAU, but this process
has not been used in practice since there was already global accep-
tance of IVOA standards.

The NVO project focused on standards and infrastructure de-
velopment, working closely in the context of the IVOA, and
implemented a number of prototype science applications to
demonstrate the utility of the underlying VO standards. NVO
also ran an active program of engagement with the astronomical
community through annual summer schools of one-week dura-
tion, exhibits at American Astronomical Society meetings, and the
production of amajor reference book, The National Virtual Observa-
tory: Tools and Techniques for Astronomical Research (Graham et al.,
2007). In a demonstration of this book’s value, it was translated
into Mandarin by members of the VO-China project.

The NVO project was funded by the National Science Founda-
tion’s Information Technology Research program, starting in 2001,
and included organizations in astronomy and computer science. Its
funding came to a planned close in 2008, after demonstrating the
technology framework for supporting a VO.

1.2. Program

In 2010, the successor to the NVO, the Virtual Astronomical
Observatory (VAO), was begun to sustain and evolve those
technologies successfully demonstrated by the NVO as part of
an operating virtual observatory. While there were numerous
management and logistical barriers to the establishment of
the VAO, the National Science Foundation (NSF) and National
Aeronautics and Space Administration (NASA) agreed to fund
the project jointly, with NSF support directed through the VAO,
Limited Liability Company, and NASA support provided directly to
the participating NASA data centers.

The VAO, LLC,was created as a 50–50 collaboration between the
Association of Universities for Research in Astronomy (AURA) and

2 http://www.ivoa.net/.
3 http://www.w3.org/.

the Associated Universities, Inc. (AUI), with an independent Board
of Directors. This management structure was chosen deliberately
so that the VAO would be perceived as belonging to the research
community and have dedicated oversight. Executive authority
within the VAO was provided by the Director, who worked with
a Program Manager, Project Scientist, and Project Technologist.
In order to provide advice on priorities for research tools, a
Science Council was established. Within the VAO, a Program
Council consisting of senior management representatives from
each VAOmember organization was also established. The Program
Council worked with the VAO management to map Science
Council priorities onto available resources and expertise, and
thus to develop the annual program plan. Work packages for all
organizations, whether funded by NSF or NASA, were agreed with
the Director and Program Manager. The program plan covered all
work at all organizations regardless of the source of funding.

Table 1 shows the VAO program history and funding. As a result
of two major reviews, NSF and NASA redefined program priorities
and reduced the overall budget from an original plan of $27.5M
($20M NSF + $7.5M NASA) to $16.5M ($11M NSF + $5.5M NASA).
In addition to simple reductions in funding, these reviews were
often accompanied by recommended changes in the direction of
the project, and, ultimately, the project duration was reduced by
seven months. Consequently, some activities that were started or
intended to be started were reduced in scope or stopped early to
respond to the combination of lower funding and recommended
changes in direction. A specific example of this change in direction
and cessation of activities was the Time Series Search Tool
(Section 2.4), which was unable to be brought to the desired level
of maturity.

1.3. Major accomplishments

The accomplishments of the NVO and VAO are extensive and
will be described in further detail in the following sections of
this paper. At a summary level, however, we note the following
accomplishments:

• Major contributor to IVOA standards. Appendix B contains a
list of IVOA standards to which NVO/VAO staff contributed. The
list includes standards recommended by the IVOA Executive
Committee and those submitted to the Executive Committee for
recommendation.

• Leadership within the IVOA, within the executive, Working
Groups, and Interest Groups.

• High-level science applications for data discovery, integration,
analysis, and catalog cross-comparison.

• Scripting toolkits that allow scientists to incorporate VO data
directly into their reduction and analysis environments.

• A robust operational environment in which VO services
worldwide are routinely checked for aliveness and compliance
with IVOA standards.

• Community engagement through AAS meetings, summer
schools (NVO), and community days (VAO).

• Comprehensive web site with on-line tutorials, announce-
ments, links to both US and internationally developed tools and
services.

• Take up of VO standards and infrastructure within essentially
everymajor data center and survey project in the United States,
with approximately 1M VO-based data requests per month and
some 2000 unique users.

• Prudent fiscal management, with overall management ex-
penses kept below 15% and the project completed with an un-
spent balance of funds of less than 1% (for an $11M [lifetime]
budget over 4 years).
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