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ABSTRACT which can be addressed, and the amount of science which
can be accomplished. At the same time the volume of
data produced by newer instruments and large scale sur-

The Virtual Observatory (VO) provides client applica-  veys is growing exponentially, and it will be difficult or

tions with a uniform interface to access distributed, multi  impossible to continue to utilise future data effectively

wavelength astronomical data. In this paper we review with the techniques used in the past. A major goal of VO
the VO data access interfaces, and describe the capabili- is to automate the process of discovering and accessing
ties provided for accessing spectroscopic data, including multi-wavelength astronomical data, so that analysis can
simple one-dimensional spectra, spectral aggregates and scale up to deal with the volume and diversity of the data

SEDs, spectral data cubes, and observed and theoretical now becoming available.

spectral line lists. These capabilities include comprehen

sive metadata for uniformly describing and characterising The VO data services address these problems, provid-

datasets, an essential capability for enabling automated ing client applications with a uniform interface to data

data discovery and data selection, and capabilities to dy- regardless of how or where it is stored, and regardless
namically subset and filter data at access time, or actively of how the data originated. Standard metadata is pro-
mediate external data to a common data model, an essen-vided to provide a uniform view of data regardless of
tial capability for automated analysis of data from many its origin, enabling automated data discovery and selec-
sources. tion. Support is provided for dynamic sub-setting, fil-
tering, and transformation of external data, allowing very
large datasets to be accessed efficiently by a remote appli-

Key words: Technique: spectroscopic; Virtual Observa- ) X ;
y d P P cation. Access may involve on-the-fly transformation to

tory. a standard data model or data format, so that client appli-
cations do not have to deal with the details of how data is
stored or represented externally within each project pub-
1. INTRODUCTION lishing data to the VO.

The VO services specific to spectral data are part of a
Modern astronomical data analysis often requires use of broader suite of services providing access to astronomical
data from multiple instruments or data collections, com- data in general. To understand what is provided we will
bining data from multiple branches of astronomy. Data look first at the general problem of science data access
from custom observing programs may be combined with in the VO, including the role data services play and how
data from public archives, or with data from theoreti- they function, followed by a closer look at the capabilities
cal simulations. The data to be used for a given analy- provided specifically for spectral data.
sis may be selected from collections containing millions
of individual datasets. The individual datasets to be ac-
cessed may be very large, possibly gigabytes or terabytes
in size, and typically are stored remotely. While data
from a single instrument or survey may be homogeneous,
data from multiple sources is often heterogeneous and id- 5 4 Architecture
iosyncratic. o

2. DATA SERVICESIN THE VO

While it has long been possible to find and download data The most important thing to understand about data access
from multiple sources and perform multi-wavelength data in the VO is that it is all about data services or "middle-
analysis, the process is generally interactive and can be ware”. This is a new layer of software between the client
very time consuming, limiting the size of the problems application, and the data being accessed. The data access
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Figure 1. Astronomical data in the VO is treated as a
class hierarchy, with the generic dataset at the root, and
successively more specific types of data below, until we
reach individual instrumental or survey data collections.

layer providedocation transparencyso that the client
application does not need to worry about where the data
is stored, or whether it is local or remote, andraform
interfaceto the data, so that the client application does
not need to support a custom interface to each individual
data archive or repository, or for each mode of data ac-
cess. The data access layer also providasimrm view

of heterogeneous data, by defining standard dataset meta-
data, and in some cases standard data models for repre-

senting actual data.

In most cases the VO does not provide the client appli-

cations used by an astronomer, nor the astronomical data

which these applications access. Most of these instead
come directly from the astronomical community. Hence
we assume that existing applications will need to become
"VO aware”, by modifying these applications to use some
VO client library which allows them to talk to the VO and
access data via the VO framework and services. Like-
wise, existing data from astronomical archivespisb-
lishedto the VO by implementing a data service which
understands the details of the data, and can provide a VO-
compliant view of the data. The data itself as stored ex-
ternally does not have to be modified.

2.2. Classesof Data

Astronomical data in the VO is treated as a class hierar-
chy, with the “generic dataset” at the root. Beneath the
generic dataset we have the major classes of astronomi-
cal datacatalogueimage spectrumtime seriesand so
forth. Beneath each of these we have data from specific
data collections. This hierarchy is illustrated in figure 1.

The significance of a class hierarchy such as this is that
any facilities we provide for a generic dataset can be ap-
plied to any catalogue, image, spectrum, or other class
of data; likewise, any facilities we provide for a generic
spectrum can be applied to an actual spectrum from a spe-
cific data collection. Any type of astronomical data may
be viewed as a generic “dataset”; any type of “spectrum”
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may be viewed either in a generic sense, or with knowl-
edge of any collection-specific metadata or other features
defined for the specific data collection.

Without an approach such as this it would be very difficult
to provide a uniform view of data, and uniform access in-
terfaces. By sub-classing data we are also able to provide
the collection-specific details required to fully understa
data from a specific instrumental, survey, or theory data
collection.

2.3. Solar and Planetary Data

While the VO generally favours Galactic and extragalac-
tic data, the approach taken is general enough to be useful
for much solar and planetary data as well. The concepts
of “table”, “image”, “spectrum”, etc., are general enough
to apply to solar and planetary data as well as to non-solar
system data. Much of the metadata defined is also general
enough to apply to solar and planetary data. For exam-
ple, metadata for dataset identification and curation, and
for physical dataset characterisation, are quite genkral.
general, any coordinate system may be used, including
those defined for solar and planetary data.

3. DATA SERVICE FUNCTIONALITY

3.1. DataDiscovery

Data access in the VO typically begins with a call to the
global VOregistryto find data services of interest. Usu-
ally, these are services which serve data relevant to what-
ever analysis is being performed, e.g., based on wave-
band, or position on the sky. Often many relevant services
will be found.

The next step is for the client application to issue a query
to each data service, specifying in more detail the data
of interest. Since we have a uniform interface, siaene
guerycan normally be submitted to all such services. If
desired, these queries can all execute concurrently.

Each service will then return a query response, which
is a table, in VOTable (XML) format, listing all the
datasets available from that service which match the
guery. Since many such services may be queried, this
provides aglobal data discovergapability. New data
services may come on-line at any time, and the data ser-
vices are queried directly to discover data, hence data
discovery will find new or modified data as soon as it
becomes available.

3.2. Metadata Access

The query response returned by a data service lists each
available dataset matching the query. For each such
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dataset, standardchetadatais returned describing the
dataset in some detail. Often all the client requires is
this metadata, and the data itself may not be accessed. If
data is to be accessed, the detailed query response meta-

Table 1. Types of generic dataset metadata.

data will often be used to select only some fraction of the Type Descrlptl_on E— i

available datasets for download. DatalD Dataset identification (title, creator, etc.)
Curation Dataset curation (publisher etc.)
Target Observed astronomical target, if any

3.3. DataAccess Derived Derived quantities (SNR, redshift, etc.)
CoordSys Coordinate systems and reference frames

Included in the query response metadata describing a Characterisation Physical characteristics of axes
dataset is araccess referenceRL which can be used

to retrieve the data. In the simplest case, data retrieval
is very straightforward, using a protocol such as HTTP
or FTP to synchronously download the data. If desired,
multiple datasets can be downloaded concurrently.

The major classes of generic dataset metadata are shown
in table 1. The Characterisation model describes the
physical characteristics of the data, including the cover-
d. age resolution, sampling, and errors associated with each
" measurement axis (spatial, spectral, temporal). In addi-
tion, the query response may also return information de-
scribing logical associations of related datasets, and how
to access the data.

Often the dataset described in a query response does not
physically exist at query time; it is @rtual data which

is computed on the fly if and when it is actually accesse
This capability is essential for solving certain problems
in the VO, for example access to very large datasets, and
access to heterogeneous data.

In the case of very large datasets, the "dataset” to be ac-

cessed may be a small subset of the physical dataset as

stored in the remote archive. For example, a spectrum 42 Spectral Data Model

may be returned containing a cutout around a single line

of a large high resolution spectrogram, or a spectral data

cube may be returned containing a sub-cube of a much While standard metadata can be used to describe a

larger data cube. dataset, alata modelis required to provide a standard
way to represent the dataset itself. More precisely, a data

In the case of heterogeneous data, the data returned to themodel specifies theemantic contentf a dataset. The

client application may be converted on the fly into a stan- same content can be represented in multiple physical for-

dard form, regardless of how data is physically stored or mats, e.g., VOTable, FITS, or native XML.

represented in the remote archive. Virtual data generation

also makes it possible to view the same data in multiple Accessing 1-D spectra in the VO is especially problem-

ways, for example by dynamically extracting a 1-D spec- atic as, unlike the case with tables or images, there is no

trum from a spectral data cube (which is an image). standard way within astronomy to represent spectra. As
a result, nearly every spectral data collection has its own
unigue project-specific format for spectra. It is infeasibl

4. METADATA AND DATA MODELS for a client application to understand the details of how
spectra are represented in every project-specific spectral
data collection within astronomy, so VO has defined a

4.1. Dataset Metadata standardSpectrum Data Modgincluding standard rep-
resentations for VOTable and FITS.

Dataset metadata describes a dataset, e.g., a single specajthough the current Spectrum data model deals explic-
trum or image. An example from the pre-VO days would  jtiy with simple 1-D spectra, the model is more general
be a FITS image header. In the case of VO we require a than that, and will eventually be extended to apply to all
uniform view of data, hence a lot of effort has gone into Spectra| or Spectrophotometric data, inc|uding 1-D spec-

defining standard dataset metadata. tra, SEDs, and the spectral axis of spectral data cubes,
. . L ) as well as related spectrophotometric data such as time
Dataset metadata comes in two main varietgeneric series and the photometric flux of pixels in a 2-D image.

dataset metadatavhich is valid for any type of data, and

type-specific metadatavhich can vary as necessary to

describe each major class of astronomical data (image,

spectrum, time series, etc.). In addition, the metadata 5. VO SERVICES FOR SPECTROSCOPIC DATA
mechanism is extensible, allowing custom metadata spe-

cific to a given data collection to be added to convey de-

tailed information specific to the data, e.g., the instrumen The VO data access protocols for spectroscopic data are
configuration. still under active development. The protocols for access-



ing 1-D spectra and spectral line lists are currently the
most advanced, including implementations.

5.1. OneDimensional Spectra

The case of one-dimensional spectra is handled specially
to provide a simple, optimised solution for this very com-
mon case. Much data from large spectral surveys is of this
form, plus more complex spectra can often be viewed as
1-D spectra, or as an aggregation of such spectra.

In VO, theSimple Spectral Acceggerface (SSA) is pro-
vided to access 1-D spectra. A query interface is provided
which allows discovery queries based on position on the

sky, spectral bandpass, time coverage, and various other

attributes such as spatial and spectral resolution, signal
to-noise ratio, redshift, variability, and so forth.

Both calibrated and uncalibrated data can be accessed.

Full support for error estimation is provided. In the most

general case, most measurement attributes, such as the

bin size, resolution, errors, quality, etc., can be spetifie

separately for each sample point. Fluxes can be specified

in a variety of units including absolute flux and photo-
metric magnitudes.

Both observed spectra and synthetic (model-based) spec-
tra can be accessed. Theoretical spectral can be generate

on the fly if desired, passing custom parameters to drive
the model. Dynamic extraction of spectra from more fun-
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5.3. Spectral Energy Distributions (SEDs)

In recent years SEDs have become a major tool for astro-
physical research. They also represent a challenging use-
case for VO, due to the need to combine data from multi-
ple multi-wavelength observations in a physically mean-
ingful fashion, taking into account the quality of flux or
other calibrations, possible source confusion due to vari-
able resolution or object type, and many other factors.

How best to handle SEDs in the VO is still an active topic
for discussion. One approach is to define a SED as a new
type of astronomical data, similar to a spectrum but very
different in the details of what is presented. This would
allow data centres, or automated SED generation tools, to
publish ready-made SEDs to the VO. Another approach
is to provide only tools for generating SEDs, leaving it
up to individual researchers to generate their own SEDs
as part of their research program. Even in the latter case,
if these custom SEDs are referenced in a published paper,
one might still want to be able to access the digital data.

Probably both approaches are needed. Ready-made SEDs
can be useful for a quick look at the spectral energy dis-
tribution of a source, even if more careful analysis is
needed. Tools for manual or automated SED generation
are needed in all cases.

O5.4. Time Series Data

Light curves are not normally considered spectral data,

damental data (such as a data cube) is supported. Spec-put if we look at light curves and 1-D spectra from a

tra can be returned in VOTable, FITS binary table, native
XML, or CSV format, compliant to the Spectrum data
model, or native project spectra can be passed through.
Graphical or HTML renditions can also be returned.

5.2. Spectral Aggregates

One-dimensional spectra are often related in some fash-

data modelling perspective, there is very little differenc
between they two; in fact the same model and access
interface can be used to represent both. Both are se-
guences of spectrophotometric samples, which may be
irregularly spaced or segmented, with associated general
dataset and observation metadata. The distinction can be
further blurred by cases such as a time series of spectra,
for example from synoptic surveys, radio GRB surveys,
or solar data.

For a spectrum, the spectral coordinate is the primary

ion, e.g., an Echelle spectrogram may be represented as variable; for a time series, time is the primary variable.

an aggregation of individual 1-D spectra, or data from a
discrete IFU instrument may be viewed as an aggregation
of 1-D spectra, all taken at the same time and with the
same observing parameters. These are casesnplex
datasetsvhich are composed of simpler primary datasets,
such as individual 1-D spectra.

We are still discussing how best to model such data in the
VO, to allow complex aggregates to be described without
overly complicating the software. Probably there is no
one best solution. Generalising the 1-D spectrum case to
support multiple segments is one solution. Another ap-
proach is to relate spectra in the discovery query to allow
complex aggregates to be expressed while still basing ac-
cess on individual simple 1-D spectra. Probably the best
solution is a combination of the two approaches.

However in both cases, time or spectral coordinate can be
a secondary variable, for example in the case of a time se-
ries where, at each sample point, photometry is obtained
simultaneously through several standard filters or band-
passes.

5.5. Spectral Data Cubes

In VO currently, access to 2-D images is provided by the
Simple Image Accessterface (SIA). Version 2.0 of this
interface, currently in the planning stages, will support
multi-dimensional data, primarily spectral data cubes and
time cubes. Although in general such data may be multi-
dimensional, for simplicity we refer to it as “cube” data,



and indeed the two and three dimensional cases are the
most importantin terms of representing real astronomical
data.

While modelling and representation of cube data is non-

trivial, it is in some sense a straightforward generalati

of what has already been done for one and two dimen-

sional data (spectra, time series, and 2-D images). Nearly
all of the data model elements and metadata can be re-
used for cube data. Related work such as FITS WCS is
also very relevant.

The real challenge with cube data is data access, which
can be considerably more complex for cube data. Typical
access modes for a cube include the following:

The entire cube.

Any 3-D sub-cube (no resampling).

Any 2-D plane (ho resampling).

3-D projection onto a 2-D plane.

Standard 2-D renditions, e.g., continuum.

General 2-D slice at any 3-D position or orientation.
2-D or 3-D reprojection of a subregion (warping).

1-D spectral extraction with a user-specific aperture.

Operations such as projection may optionally include fil-
tering of data along the axis to be collapsed; in the case
of a spectral data cube for example, this could be used to
remove night sky lines.

Flexible access to data cubes such as we describe above
is extremely important for remote access to cube data, as
data cubes can be very large. For example, a 2K by 2K
cube with 8K spectral channels, at 4 bytes per sample,
is 128 GB in size. If we add full polarisation, a single
cube dataset can reach one half Terabyte in size! This is
beyond anything yet far attempted, but is not at all unrea-
sonable for future instrumentation now being built.

5.6. Spectral LineLists

Analysis of spectral data often requires access to spectral
line data, including both laboratory data and data from
theoretical models. To support this, VO provides both a
physical data model for characterising spectral lines, and
a Simple Line Access Protociterface (SLAP), for ac-
cess to spectral line data. In the case of access to data
from theoretical models, it is possible to pass custom
model parameters to the service, so that line data can be
generated on the fly, either from the model or from a large
database of pre-generated model data.
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6. SUMMARY

The virtual observatory defines a middle layer between
the client applications and data already provided by the
astronomical community, which provides uniform access
to local and remote data from all branches of astronomy.
Comprehensive, standard metadata and data models, as
well as access methods, are provided to uniformly de-
scribe and represent astronomical data, enabling auto-
mated selection and processing of astronomical data. In
the case of spectroscopic data, support is provided both
for data which is explicitly spectroscopic, such as 1-D
spectra, but the more subtle case of a spectroscopic or
spectrophotometric axis associated with other forms of
astronomical data such as images or time series, is also
fully supported.
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