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Chapter 38: Data Models

Jonathan C. McDowell

Introduction

Modern agronomical datasets are complex in nature, and gowell beyond simple im-
ages Both the observational (or simulated) data points and the metadata that describe
themare divers both in structure and in the waythey arerepreernted asdatafilesin
archives In particular, agronomers who specialize in dfferent wavebans have
adopted different ways of thinking about what is essertially the same data; some-
timesthese differences are arhitrary and trivial, and someimesthey are driven by
real differencesin the physics of the object or the instrumertation wsed in the detec-
tion. This complexity ard diversity is a barrier to Virtual Observatory intergperahl-
ity. We would like to allow VO-aware softwareto proces standard data ard meta-
datafrom any branchof agronomy, and this requiresus to define these standards and
mapthem to the representations familiar to the diff erent kinds of agronomer. Thisis
accanplished by the data-modeling process.

The Virtual Observatory data models standardze the structure and information
contert of metadata (header informaton) so that the VO ard its userscaninterpret a
dataset ard its context, no mater what waveban or instrumert is being represented
In this chaper we will discuss some of the more general agects of the VO data
model, and examine in detal how these cacepts have beenttilizedin the Spectrum
Data Model.

1. Data Modelsand the VO

Data model in this context mears a standardzed desription d the informaion con-
tert of aparticularkind d data. If you are adata provider who warts to pulish some
data to the VOin a canpliant mamer, you will haveto creat afile desribing that
data, typically in XML. You may also need in some cases to reformatthe data itself,
whether into VOTable or in a specfified FITS binary format You will needto know
the specffics of the format (or “serializaion’), but before that you reedto know what
informaion,i.e. what piecesof data ard metadata, areneeded The data model canbe
though of asa clecKist to seeif you haveall the information you reedin you ar-
chive; this checHist is indeperdent of the actual format. The data model also canbe
used in a canparafve way, by comparing it with a local data model for archive or
domain specific data, ore can desribe formally the differences betweenthe local
model and the stardard.

One of the main data modeling efforts to date hasbeento creat astandardrep-
reenaton d a 1-dimersional agronomical spectrum. At its core, a spectrum is an
array of fluxesversaus a spectral coordinate such aswavelength or frequency. But to
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be useful, a spectrum also needs alot of contextual informaton: When wasthe spec-
trum taken?Where was the telesope pointing? What kinds of errars are provided?
Whatis the effecive spectral resolution? The spectral data model tells you what extra
informaion is required, and what is optional but till standardzed A serializaion o
the model tells you hav to write this informaton to the file. The adrantageof the
data model is that it separatsthes two ideas so that if you later adopt a different
fileformatyou dort have to charge the underlying model.

The data model is more thanjust alist of items- it also imposesa structure. In
that serse, you can think of it as defining the internal data structures or software
classesthat shoud be gereraed if you read the data into a program. In many cases
the data model will be deliveredwith a subroutine library that implements it. How-
ever, we dorit consider the software functions (methods) in the library to be part of
the definition o the data model: we concertrate on the structuresonly.

1.1 Fieldsand utypes

Each data model is defined by an IVOA documert; eachpiece of information re-
quired by the model is associated with a 'field. The namesof the fields are called
'utypes and are hierarchical in nature, with subfields separatd by dds. Utypes are
thus somewhatlike UCDs, bu have adifferert purpose: they specify a quartity's role
within a given data model. Thus in a spectrum, the concep 'wavelength', which al-
ways hasthe UCD 'em.wl’, may appear in several differernt roles including 'Spec-
trum.DataSpectalAxis.Value' (“I am the X axis of this spectum object). On the
other hard, in a differen spectrum instance the same 'Spedrum.Data.Spec
tralAxis.Value' utype may have a quite different UCD, for instance 'em.freq (fre-
guency). Thefield ard utype definitionsin an |V OA data model specify whether they
are mandatory, recanmended or optional. We try and keepthe list of mardatory
fields small, recagnizing that archives often donit have a lot of metadata awilabe to
them. The recanmerded list correponds to a higher level of compliance: data pro-
vidersshoud try their beg to suppy the recanmended metadataif at all possble, as
usersare likely to wart this information. The optional list of fields provides a stan-
dard placefor data providersto specify thingsif they happento be awailade. Finally,
the overal structure allows for extra archve-specific fields to be adled for the use of
specializedcode, with the underd¢anding that general VO softwaremay skip them.

2. Characterization and Provenance

The VO Data Models make adistinction betweenthe 'charecterization’ of the data
and its ‘provenarce. We assume that most VO datasets are procesed, in the sense
that they canbe usedfor further aralysis withou special knowledge of the instrumert
or simulation code used to create the data. If you trust the archival data reduction o
animagg, thenyou dort needto knawv what flux converson wasappliedto the pixel
values or what the regectve cantributions to the spatial reslution are from the in-
strumert ard the seeng - but you do reedto know the final flux urits and the effec-
tive spatial resolution o the final data. The characterizaion gvesyou that kind o
informaion, whil e the provenarte givesyou the informaion youwould needif you
dont trust the reduction and wart to redo part of it. Provenarce would include in-
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strumertal setup, olserving conditions, ard the software chain applied to the data; it
arswers the quedion 'Where did this data cane from and what did you doto it?',
while characterizaton arswers the quedion 'Whatis this data now?'. We decided that
standard zing characterizaion wasmore urgert; that model has now beencompleted
and is gaing through the agproval process, while work on a standard provenarce
model hasbeendeferred.

2.1. Component Models: The structure of an observation

The Charactrization model is a key componernt of the more general Observation
metadata model that is still under developmert. The componerts of the Spectrum
model will be reused for this general Observation model. We group the metadata in
severalkey concepts. CoordSys, Datal D, Curation, Characterization and Target.

The Characterization model is discussed separatly below, and the CoordSys
model will ultimatly be covered by the SpaceTime Coordinates paradigm, which
hasa chaper to itself (Chapter 37).

Two simple parts of the data provenarte have been standardized distinguished
asthe data identificaion metadata (Datal D) and curation metadata (Curation). The
former carriesinformation specific to the original creation d the dataset, such asthe
instrumen, filter, and sequence identificaions assigned by the originating olserva-
tory. The latter describes this particular verdon o the dataset and the organizatons
or individuals regporsible for it. It is intended to allow users to distingush between
different verdons of a dataset held by dfferent repositories to let usersfind ou who
they canask for more detais about the data, and to tell them who they shoud give
credt to if the datais used

The Target metadata gives data providersa place to pu contextual informaion
about the field being otserved The target may be anadronomical object or an
empy field in the sky, or evenalab calibration source. A particular archive mayfind
it conveniert to label an observation d a star with a V magitude or a caaloged red-
shift evenif thes valuescarit be derived from the data itself, and Target providesa
structure to store suchinformaton.

2.2. The Characterization Data M odel

The VO Characterization model describes the caitext and badc properties of a
dataset, and is useful both for data discovery and further aralysis. A Characterization
consists of descriptions of axes (Characterization Axes), eachwith similar descrip-
tions. The stardard axes are the Spaial (usually 2-dimersional celedial), Spectral
and Time axes bu othersmay be adled asneeded For examgde, a derived dataset of
spectral line propertiesmight have'ionizaion state' asanaxis; you canhave agthing
asan axis if thereis a VO UCD that de<ribesit. You canalso add an axis for the
deperdent (measuremert) variale, which describesthe UCD, units, accuracy, etc. of
the flux. A key ideais that the standard definition o a characterization description
amliesto any axis; it is the samefor space time, and spectal coordinates and so it
canbe gereralizedto new axeseadly. Note that we treatthe spatial coordinate asa
single "axis eventhoughit is two-dimersional; you canna split up the RA and Dec
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axes because the sky pasitionis asingle cacep (and the agpropriate 2D metic has
off-diagonal elemerts)

Within the charackrizaion axes we describe coverage, reslution and accu-
racy. The 'frame concept is shorthand for specifying exacly what the axs is and in-
cludesthe UCD (defining what the axs represens physically), the units, and a refer-
ernce to the caordinate system. It also specifieswhether the axs is calibrated or not:
for a science use ca® where the wavelengths of spectral linesare needed it may be
perfecty fine that the flux axis of a spectrum is uncalibratedif the wavelength axisis
calibrated conversly, meaauring the flux of abright known sourcein animage may
not require the spatial axis to be alsolutely calibrated In the adpted IVOA model,
the frame metadata are associated directly with the relevart charackrization axis,
with utypeslike 'SpatialAxis.unit', whil e the corerage, relution and accuacy meta-
data are separated out, with utypeslike 'Spatial Axis.Resolution.Unit'.

The 'coverage' concept describesfrom wherein the ais the data were taken For
exampde, the datain an R-band opticalimage aretakenfrom a particular regon o the
spatial coordinates (the field of view) in a particular spectal range (the R band) and
over a particular time interval (the eXposure start time to stop time). Note that the
number of characterizaion axesis always largerthanthe number of axesin the actual
data.
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Figure 1. Leves of coverage. The locdion, bound, suppat and sensitivity
represent the region olserved a different leves of fiddity. The sanpling
predsion and the resolution gve discrete and corntinuots limitations on the
data sampling. The left hand and right hand columns ill ustrate the diff erent
cesesfor 1- and 2dimensional coordinates respedively.
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The 'reolution’ concept is fairly straightforward and describes the effecive
reolution (spatial, temporal, spedral, etc.) of the data. A similar 'sampling concept
de<ribesthe discrete precision o the data axes

The 'acairacy' concept contains all kinds of errors and quality flags. It includes
provisions for desribing two-sidedstatistical errars and systematc errass.

For each of coverage, relution and accuacy, we allow different levels of
fidelity (seeFigure 1). The caarsed level, caled Location, givesa single paosition on
the axis asarepeenativeindicaion o wherethe datais, eg. the agproximat point-
ing drection, the wawelength and the observation date. The next level, called Bounds
givesa rarge within which the data are expeciedto lay, i.e. the field of view, band-
pass rarge ard start/stop time. A finer level, Supprt, indicaswhereon the axs the
sensitivity wasnonzera For the spatial axis, thisis apolygon a other shapeoutlin-
ing the effective field of view, while for the time axis it may be anaray of start and
stoptimes
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Figure 2. Data modd for the smplified version d Characterization used in
the Spedrum data model. Each box represents a data modd field (utype
name), and lines between the boxes represent substructure, with the arrow
represerting inheritance Thus, the Area box for the Spatial Axis would then
have the utype spedfied as 'Charaderization Spatia Axis.Coverage Suppat.
Ared.

In pracical data aralysis, we treat interruptions to the data in two dfferent
ways. Grossinterruptions or gaps include the spatial gaps between chips, the spectal
gaps betweengrating aders or the temporal gaps betweendifferert orbits of a space
based observation where the Earth gets in the way. These are usually treated explic-
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itly asseparak observation segmerts. In contrag, smal and often uncalibrated gaps,
such asthe gaps betweenindividual pixels or the deal-time regponse that alters the
effective exposure time of some detecbors, are treated on a statistical bass using a
filling factor'. The characterization model includes bath explicit rangesfor the Sup-
port and the ablity to define such afilli ng factor.

The highed level of fidelity will be the Sersitivity, which givesthe relative sen-
sitivity asa function d pixel along the axs (we make the assumption that the sensi-
tivitiesalong eachaxis are indeperden). The ideahere is that quartitiessuch asthe
filter tramsmisson curve ard the exposure depth map arejust more detaied versons
of the bardpass limits and the field of view. The represertation d the Sersitivity has
not yet beenstardardized

3.  The Spectrum Data Model

The VO Spectrum data model is the one thatis most completely developedso far. In
addition to the data model itself, the standards documert prescribes three possble
serializations: ore in FITS, one in VOTalde ard another in simple XML using a
schemabased directy onthe model. For ill ustrative purposes| will use the VOTabe
exampde here ard begn with a spectrum containing orly the mandatory fields.

<VOTABLE version="1.1"
xmlns:xsi=http://www.w3.0rg/2001/XMLSchema-instance
xsi:noNamespaceSchemalocation="http://www.ivoa.net/xml/VOTable/v1.1"
xmlns:spec="http://www.ivoa.net/xml/SpectrumModel/v1.01"
xmlns="http://www.ivoa.net/xml/VOTable/v1.1">
<RESOURCE utype="spec:Spectrum">
<TABLE utype="spec:Spectrum">
<GROUP utype="spec:Spectrum.Curation">
<PARAM name="Publisher"
utype="spec:Curation.Publisher"
ucd="meta.organization;meta.curation"
datatype="char" arraysize="*"
value="SA0"/>
</GROUP>
<GROUP utype="spec:Spectrum.Target">
<PARAM name="Target"
utype="spec:Target.Name" datatype="char" arraysize="=*"
value="Arp 220"/>
</GROUP>
<GROUP utype="spec:Char">
<GROUP utype="spec:Char.FluxAxis">
<PARAM name="FluxAxisName" utype="Char.FluxAxis.name"
ucd="phot.flux.density;em.wavelength"
unit="erg cm**(-2) s**(-1) Angstrom**(-1)" value="Flux"/>
</GROUP>
<GROUP utype="spec:Char.SpectralAxis">
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<PARAM name="SpectralAxisName" utype="Char.SpectralAxis.name"
ucd="em.wl" unit="Angstrom" value="Wavelength"/>
<GROUP utype="Char.SpectralAxis.Coverage">
<GROUP utype="Char.SpectralAxis.Coverage.Location">
<PARAM name="NomLambda"
utype="Char.SpectralAxis.Coverage.Location.Value" ucd="em.wl"
value="4700.0"/>
</GROUP>
<GROUP utype="Char.SpectralAxis.Coverage.Bounds">
<PARAM name="SpectralExtent"
utype="Char.SpectralAxis.Coverage.Bounds.Extent"
ucd="instr.bandwidth" unit="Angstrom" datatype="double"
value="3000.0"/>
<PARAM name="SpectralStart"
utype="Char.SpectralAxis.Coverage.Bounds.Start"
ucd="em.wl;stat.min" unit="Angstrom" datatype="double"
value="3195.0"/>
<PARAM name="SpectralStop"
utype="Char.SpectralAxis.Coverage.Bounds.Stop"
ucd="em.wl;stat.max" unit="Angstrom" datatype="double"
value="6195.0"/>
</GROUP>
</GROUP>
</GROUP>
<GROUP utype="spec:Char.SpatialAxis">
<GROUP utype="spec:Char.SpatialAxis.Coverage">
<GROUP utype="Char.SpatialAxis.Coverage.Location">
<PARAM name="SkyPos"
utype="Char.SpatialAxis.Coverage.Location.Value"
ucd="pos.eq" unit="deg" datatype="double" arraysize="2"
value="132.4210 12.1232"/>
</GROUP>
<GROUP utype="Char.SpatialAxis.Coverage.Bounds">
<PARAM name="SkyExtent"
utype="Char.SpatialAxis.Coverage.Bounds.Extent"
ucd="pos.region.diameter" datatype="double" unit="arcsec"
value="20"/>
</GROUP>
</GROUP>
</GROUP>
<GROUP utype="spec:Char.TimeAxis">
<GROUP utype="Char.TimeAxis.Coverage">
<GROUP utype="Char.TimeAxis.Coverage.Location">
<PARAM name="TimeObs"
utype="Char.TimeAxis.Coverage.Location.Value" ucd="time.obs"
datatype="double" value="52148.3252"/>
</GROUP>
<GROUP utype="Char.TimeAxis.Coverage.Bounds">
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<PARAM name="TimeExtent"
utype="Char.TimeAxis.Coverage.Bounds.Extent"
ucd="time.expo;phot.spectrum”" unit="s" datatype="double'
value="1500.0" />
</GROUP>
</GROUP>
</GROUP>
</GROUP>
<GROUP utype="spec:Spectrum.Data">
<GROUP utype="spec:Spectrum.Data.SpectralAxis">
<FIELDref ref="Coord"/>
</GROUP>

<GROUP utype="spec:Spectrum.Data.FluxAxis">
<FIELDref ref="Fluxl"/>
</GROUP>
</GROUP>

ThisVOTalde heaceris eay tofill in: We provide apubisher nameand atarget
nameto provide humanuseful idertificaion. We then begn the Charecterizaion
secion by defining the UCD ard unts for the flux (y) axis and the spectral coordi-
nate (X) axis. The Coverace for the spectral axis hasa nominal locaion d 47004, an
extent (width) of 3000, and a start and stop wavelength of 31956195A. The Cover-
agefor the spatial axis givesan RA and Dec position for the nominal locaion, an
extent of 20 arc seconds corregpondng to the effective agerture; the Coveragefor the
time axis givesan MJD value for the nominal locaion, ard an extert of 150Gs (the
exposure time).

The next listing simply shows the remainder of the VOTaklle, which just sped-
fiesthe FIELD column parametrsand givesthe data; no rew metadata are involved

<FIELD name="Coord" ID="Coord"
utype="spec:Spectrum.Data.SpectralAxis.Value"
ucd="em.wavelength" datatype="double" unit="Angstrom"/>
<FIELD name="Flux" ID="Fluxl"
utype="spec:Spectrum.Data.FluxAxis.value"
ucd="phot.flux;em.wavelength" datatype="double"
unit="erg cm**(-2) s**(-1) Angstrom**(-1)"/>
<DATA>
<TABLEDATA>
<TR><TD>3200.0</TD><TD>1.38E-12</TD></TR>
<TR><TD>3210.5</TD><TD>1.12E-12</TD></TR>
<TR><TD>3222.0</TD><TD>1.42E-12</TD></TR>
</TABLEDATA>
</DATA>
</TABLE>
</RESOURCE>
</VOTABLE>
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This minimally compliant spectum shows thatit's reasonally eay to gererate a
VOTabe serialization d a Spectrum data model instance. But there are a lot of rec-
ommended parameters that are not included here ewen thoughthey would be very
useful for data cansumers The most obvious arethe errars on the data; we strongly
considered making these mardatory but relerted becawse of the unfortunate preva-
lence of data withou erras in dd archives In addition, the defadt values for rec-
ommended parameters may nat be appropriate for your data. We strongly recom-
merd including asmary of the recommerded parameters aspracical.

Recanmended parametersinclude:

* The spatial frame for the observation paition (defadt ICRS; the defaut is
that the observation timesand spectral coordinates are uncorrected and still
in the frame of the observer, and that timesaregivenin TT, na UTC; ary
chargesto this must be declared

Curationrights (defaut PUBLIC) and a URL or bibcode for documentation
A target position onthe sky (if thisis meanngful)

A pdygon gvingthe exraction aperture on the sky

The absolute timesof exposure start and stop

Typical statistical and systematc erors on the fluxes and spectral coordi-
nates

With these metadata, bath data discovery and badc data maripulation applica-
tions havethe minimal information neededto dotheir job; data providersshoud con-
sult the Spectrum DM documert for detais.

The DM is intended to represert an extracted one-dimersional spectrum, sup-
port for multi-segmernt data such asectelle spectra, or multidimersional data such as
velocity cubes or unextracted long slit data, are deferred to a later standard Within
thes limitations, the Spectum DM can desribe a wide variety of data, flux-
calibrated or nat, either as observed or with corrections to the waelength frame. The
use of UCDs allows a much more precise de<ription d the y-axis of the data than
simple units provide, and the spectrum can be represernted as a function d wave-
length, erergy or frequency. We therefore hope that the new standard will allow a
systematc approach to dstributing spectal data ard to developing rew spectal
aralysis and display applicatons.

4. Summary

Even before the VO, the agronomical community had alread/ to some exert stan-
dardzedsimple agronomical imagesand catalogs, so it waseasy to exchame them
Asthe VO begnsto provide more complicated kinds of data, we needa more sophis-
ticaied mecharnism for data description. The VO data models will uncerlie secand-
gereraton pubishing protocols and amalysis interfacesand provide astandard para-
digm that data providerscan use to organize the information they provide.

Three IVOA Data Models have now reacted the Propcssed Recanmerdation
stage: the Space Time Coordinates Spectrum, and Characterization data models. The
working goupis begnning definition d asecand generation o data models that will
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stardard ze represertation d spectral energy distributions and of gereral observation
metadata.
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The formal IVOA stardards are at  http://www.ivoa.net/Documents/ [Accessed July
9, 2007

IVOA Data Models Twiki at
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