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Abstract.  The future of astronomy is inextricably entwined with thescand feeding
of astronomical data products. Community standards sudAlBS and NDF have
been instrumental in the success of numerous astronomgqtsojTheir very success
challenges us to entertain pragmatic strategies to add@hanive the standards to meet
the aggressive data-handling requirements of facilites being designed and built.
We discuss characteristics that have made standards sfiddasthe past, as well as
desirable features for the future, and an open discusslitmwg

Introduction and Data For mat Basics (Jessica Mink)

We are expanding the annual ADASS “FITS BoF,” which in recgedirs has gone
beyond that single data format, to include contributiona $pecial issue of Astronomy
and Computing oiThe future of astronomical data formatshich will provide a forum
for peer-reviewed contributions to the discussion of fetdata formats.

There are four major uses of data formats in astronomy, dadhitportant to note
that a single format does not have to fulfill all of these pggm

Recording Instrument-specific, Metadata recorded.

Processing Software-specific, Metadata created.

Transferring Well-documented, Metadata included.

Archiving Persistent and well-documented, Metadata included.
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A Call to Action (Bob Hanisch)

FITS is now about 35 years old, an eternity in the IT world, avel are at risk of
replicating the world of data format chaos that existed altie 1970s. We should not
be criticizing FITS for things that were not possible whewdis designed. The time for
complaining is over; who will fill the roles of Harten, Welland Greisen (Wells et al.
1981)?

A possible way forward, suggested by K. Shortridge, mightdoese VO-agreed
data models (e.g. McDowell etlal. 2012) as the high-levetrabgon, with HDF5 as
the Processing and Transfer layer.

Should we retain FITS as the (an) Archive layer? Perhaps w# Have to solve
all problems at once. We should leave FITS otherwise aloresswt to distract from
a more general solution.

A timescale for action is that the IAU structure is being vdmdean in a year. We
need to get started now if we want to have anything bear thérmapur of the existing
Commission 5.

FITSHistory (Jessica Mink)

The FITS data format was developed to fulfill the basic neddsiman and machine
readability, self-documentation, a “universally” realdaformat, and extensibility. The
presentation of the standard FITS — a Flexible Image Trahspstem [(Wells et al.
1981) and later versions (Definition of the Flexible Imagangport System (FITS),
version 3.0;. Pence etlal. 2010a) in refereed papers helpke ilsaise widespread.

Over time FITS use has spread across categories, from €rangfto Processing
to Recording to Archiving, though maybe not in this ordefpkd along by the motto,
“Once FITS, always FITS.”

Variations on the FITS format at NOAO and STScl were used asd3sing for-
mats with machine byte order and separate data and metadaade of processing.
These turned into Transfer and to some extent Archive fantabugh they are con-
vertible into FITS.

Gradually other standards have crept into FITS: world cioateé systems for
space, spectroscopy, and time, binary and ASCII tables,nauitiple extensions in
a single file. A registry exists to document site-specificvkerds.

FITS Time Paper (Arnold Rots)

From the start FITS has provided a well-defined grammar anthgyfor writing as-

tronomical data, but the standard did not include a semaaticponent. In many
respects that was a good thing, since it would have been Bifpesto develop an
all-encompassing semantic vocabulary. However, it is ofitcéent for readers to be
able to read the data; they also need to be able to understand tin practice, this
has been solved by sub-communities developing their owwertdions. The solution
works well, as long as there is not too much overlap betweesetlsub-communities.
But it became apparent very soon that the need to record andntit coordinate in-
formation is common to all, and this resulted in the develeptrof common World

Coordinate System (WCS) standards. The first two papersisnstries dealt with
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general principles, spatial coordinates, and projectiortse third paper provided the
standard for spectral, redshift, and Doppler velocity dowtes. This past summer the
IAU FITS Working Group approved the fourth WCS standard, lmntime coordinate,
and the papel_(Rots etlal. 2014) was accepted by Astronomytéptsysics a week
before the ADASS conference. One may consider this papearothguding part of the
WCS standards and, possibly, the final piece of the FITS atdnd

FITSLong-term Evolution (Rob Seaman)

Let us make a rough estimate of the world-wide FITS data hgkli There have been
15 million FITS files archived at NOAO over 20 years; due tgéamulti-chip cameras
this is 50 million FITS IMAGE HDUs . There are many hundredgiafund-based @R
telescopes compared to about ten at NOAO and we can corigelywagy that there are
at least twenty NOAO equivalents in large and small, puldid private observatories
around the world. Twenty times fifty million is one billion F6 images. This does not
include the tallies for radio and space observatories, stceven if NOAO has been
more productive than most the estimate should be in thedrallp

All agree that FITS has been very successful. FITi8re permanence (for exam-
ple the Vatican manuscript project). Archival FITS holdingre extensive and grow-
ing and converting formats would be hugely expensive; sse ‘data engineering
for archive evolution” from this conference (Seaman 20F)r all these reasons and
more, support for FITS must continue under any future filentatr scenario. We can
make near-term enhancements if we choose; some which th& Fd€hnical Group
have been discussing include longer keyword names, lomgeg-syped keyword val-
ues, and expanded character set for headers.

But more importantly we must identify a strategy for FITS tmtinue to represent
the full richness of evolving data formats and data modelsinonomy. The original
FITS achieved the enviable goal of serving as astronomy@uk franca. FITS cah
should/ must continue to serve its original roles of data transfet data archiving.
The capital-T in the name stands for Transport: transp@pate and transport in time.
There is enough flexibility in the binary table paradigm of §lto be able to support
any semantically rich data structure that can be reprederge table (for one simple
example, to capture a FITS image header with enhanced kdyattibutes). It may be
that there are new data recording or data processing use foaisghich FITS images
and binary tables are no longerfcient, but many other future astronomical niches
will require nothing other than a more refined use of currdmSrcapabilities.

Astronomy and Computing special issue (Bob Mann)

Astronomy and Computing (Accomazzi et lal. 2013) are prepas special issue on
The future of astronomical data formatSummaries of two papers from the issues are
being presented now. Further papers are in preparationit @toped that this BoF
and subsequent discussion this week will generate morefiffdlesubmission deadline
is 1 March 2015. All papers from the Special Issue are beirsgigolboon the Astronomy
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and Computing webs[ein preprint form to enable inclusion in the debate. There are
three so far:

Tim Jenness et al: Lessons learned from NDF

Slava Kitadf et al: Use of JPEG2000 for astronomical imaging

Brian Thomas et al: Learning from FITS

Moving NDF to HDF5 (Tim Jenness)

The extensible N-Dimensional Data Format (Economou lef0di2Jenness etlal. 2015)
is a data model developed in the late 1980s to solve the probfeinbounded expres-
siveness supported by a hierarchical data format. The npdeides a framework for
placing information such as data, variance, quality, woddrdinates and history into a
file. NDF is implemented as a Fortran library layered on tothefStarlink Hierarchi-
cal Data System (HDS). HDS is a hierarchical file format deped in the early 1980s
and currently in version 4. It is written in C but is no longepported by anyone who
understands the complex file structure and implementatiaild. In order to broaden
support for NDF in the community HDS version 5 will be a reiemlentation of the
HDS API but using HDF5 as the underlying file format. This veillow NDF and its
associated library to be used by others without taking orclenunsupported file for-
mat. Currently a prototype library has been developed wbdchcreate and query files
using the HDS API. The final aim is to produce a library that tamsparently read
and write version 5 files written in HDF5 but also read oldanfat files, the JCMT
Science Archive (Economou et al. 2015) contains more thaiill@msuch files, and
allow them to be migrated to the new format.

Using FITSto understand astronomical data format needs (Brian Thomas)

ITS is a great “test particle” for analyzing astronomicatadBormat needs. There are
many reasons which include the fact that it is the Lingua €aief astronomical data,
it is well-documented and tested and has many technicatgitre along with good
software support.

Building on our previous work (Thomas et al. 2014; Thomad.2Gl5) our pro-
cess is to form a large group of individuals of varying backmds to collect and ana-
lyze issues on the astrodataformat Google group and asstckthub organizatih
We invite a wide variety of people to participate, but set anfbrce ground rules to
lower chances of acrimony and focus our discussion. Ourigdalreach a consensus
view and share our results with the community.

In our recent work which focused on deficiencies within th& $standard we
find that problems may be grouped into 2 categories. Firstetlare the well-known
limitations which include its metadata expression (8 clegmkords, 68 char values, hi-
erarchical structures not 'native’, no built in associasiy data model issues (inflexible
WCS, associations), and serialization (choice of endidgssing values). In the other
category there are the new needs which have surfaced over tiltew needs include

Thttp://www.journals.elsevier.com/astronomy-and-computing

%https://github.com/astrodataformat
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things such as the need for greater exchange of data bothms & the amount of
files and the number of bytes per file. These new needs in t@atemew require-
mentgdemands on the format such as an increased need for vatidatid machine
understanding, virtualizatigdistributed support and more and improved data models.

A single standard for sharing data iflageboon for the astronomical community,
but FITS is showing its age. If we want to continue having thisdkiri shared standard,
then FITS needs to evolve fiigiently or a new standard needs to be found.

But how? Should we choose to evolve through existing stalictamventions,
apply radical surgery, create a new data format which teaeslthe useful data models
of FITS (e.g. Price et al. 2014; Schaaf etlal. 2014), or peytsgrt completely from
scratch? Because we want a shared a community standardel&rfngly the only
means to achieve this is by engaging the community.

We plan to continue our work and plan to expand our scope iméxé stage by
gathering use cases and “lessons learned” which also shidvdtlengths, and gleaning
the same from other data formats. From these we will exteiirements and we will
use a voting process to allow the group to determine praartind eliminate edge cases
which are of little value. We hope our nextet can help to inform the community
and provide a starting point for the development of a astrooal data format for the
future.

Discussion

Frank Valdes Modifying APls. What APIs?

Tim Jennesswill rip out guts of HDS library and replace by HDF5. Wouldopide
wrapper to use NDF, with HDF5 as the underlying file formathé&s$ can use NDF
without worrying about HDS.

Frank Valdes two paths — modifying FITS or going to something else, sareeon-
sider the former.

Bob Hanisch some of the major drivers are data size and patches for Hig@ eally
just patches, and don't address the more fundamental iggtle&ITS, so would be a
distraction to patch FITS only.

Frank Valdes data size raised as a concern, but | can work with 5GB MEFsat\ighit
about size?

Bob Hanisch HDF5 can stream sections of files across multiple spintiigs high spec
I/0O. Concern with HDF5 is archival — defined by API not descoiptof how the bits
are arranged on disk. We could make FITS more like HDF andfaflilshort of what
is required.

Jessica Mink FITS's simplicity has allowed it to take a market share fibfaur types
of data formats, but new formats need not. FITS is good fonigirtg. For process-
ing, recording and transfer it would be nice to have a stahftamat. Extending FITS
in a standard way is very supportable, and could then reaflletdvery easily. FITS
doesn't have to be everything.

Tom McGlynn QWERTY is not optimal, but it is a long-lived standard, seréawould
be a high cost of changing. Is it the same for FITS? It is harsk®the archival issue
being solved by HDF5. Then we need to think about converdiémneed to take over
all four types of format, or transform between them a lot, aadd to understand how
to do that.

Tim JennessStarlink software converts to FITS from NDF all the time,vge worked
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out how to flatten hierarchical data models to flat FITS, so we @do that — but it is
painful, and currently requires convention. It would be dtmhave a standardized way
to represent hierarchy in the FITS world, but not so big a j@mbas you might think
Brian Thomasrefuted the archivability of FITS. He has FITS files stretchiback
decades. FITS allows syntactic validation, but not sernardlidation, so meaning
is not persisting in the same way over time. We need to havardentation in the
format, not in a paper or manual and versioning for an artiiranat. We can read
FITS files, but can’t use them for science if we can’t underdtthem.

Rob SeamanCan represent schema in a binary table, with a version agridsute so
can already implement semantic metadata in FITS.

Anne Raughwho is working on v4 of the Planetary Data System stand&dagh & Hughes
2014), noted that one needs to take step back and see whavkierp is you now need
to solve, not evolve a solution to an old problem, but to neasordaving reached that
stage with PDS, we decided to make a break. It was harder teeetian to start again
to address the current problems. There are a number of pessso FITS, in the Small
Bodies Node of PDS, because the format is useful. Fundaihgraages to the FITS
header should be made cautiously. Then there is the prodlemgeating legacy FITS
data to the new standard, but that’s really just a metadatalgm - the data structures
are very stable

Ken Andersonwho worked on LOFAR ICD specifications, agreed with the ey
speaker’s statement. The misnomer is introduced by HDF.itd®F is not a format;
it's a framework allowing people to define formats. LOFAR Hiize or six formats
under HDF5 (see e.g. Alexov et al. 2012). Specification wathéyastronomical com-
munity, as with FITS. LOFAR defined an initial spec for dat@dicts, some very
complex and hierarchical, so a recognised hierarchical fdamnat was required. HDF
defines only an API; the community needs to define the fornmatthe data. LOFAR
ICDs are available on LOFAR website. Because HDF is not adbiwy itself, it is not
an archival format.

Tim JennessNDF created to go on top of HDS because earlier anarchy infud®S.
NDF arose as minimalist data model required to do science. dptions: use compli-
cated VO data model or use NDF, which covers the basics amddeszope for exten-
sions. Data models — where do you go for them? The LSST pipelées databases,
not files on disk. This whole debate is a distraction fromwlsoon of data models.
Peter TeubenZommented on the historic value of FITS. Astronomy has baekyl
to have a standard format, since we can build applicatiotisowt bothering with data
ingestion. Every experiment at LHC starts from scratchngdhe data ingest. Astron-
omy applications are more standardized. Separation ofdattaand data began many
years ago and is very valuable. It is important to keep thamahtics worry people.
Expression of observatory keywords does not use a cordretieabulary, but we can
now use VO standards for metadata — defined vocabularies 8)€@). Metadata in
VOTable with embedded FITS for data load — why not keep thatafanodel for the
future? FITS became standard because coolest kid adoptexpiect that the next cool
kid — LSST, SKA — will determine what we end up using.

Tom McGlynn HST had to be pulled back to standard FITS — it wasn'’t the kimbihat
led to the adoption of FITS.

Bob Hanischif had LSST, JSWT, ALMA agreeing to something, others wquidba-
bly follow — not quite the history of FITS. NASA decided bedard ST was launched.

?: how did adoption in NASA lead to wider adoption?

Jessica Mink AIPS was FITS-based — availability of software led to adwopof FITS.
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Took over optical when IRAF started using it.

Bob Hanischpushed back on Tim: IVOA hasn't created complex data modgfisve

to have minimum scope to function — so all is under control!

Francoise GenovaUCDs vocabulary — someone checked lots of FITS files to check
that the quantities in the FITS files were included in the UCDIy a few quantities
were unclear in meaning.

Rob SeamanFITS had a history before NASA: NRAO and KPNO created it ierig
nally. originally. Perhaps can solve metadata problembk WIOA data models, but
don't forget that there are data that go along with that. Retance, could have HDF
file with 8 different kinds of compression; must be able to translate thitbfrom
FITS. The logistics of FITS tile compression have alreadytsti down slope to new
formats (Seaman etlal. 2007). Must remember that there taeadavell as metadata.
Efficient data representation is key (Pence et al. Z010b).

Peter Teubendata model is the important thing, not how the bits are stane disk.
Companies have looked at objects, not files. Astronomy doeilscrewed if IT industry
moves away from files.

Brian Thomas have to get away from storing information in a file — need techdata
format extract information from database, etc. What's ingnat is the information not
the file — maybe applications are more important? It is if igmates a subset of data
when needed.

Peter Teubenbut we complain about HDF being an API not a format

Brian Thomas We need to understand what we need — gather use casest eatrac
guirements, prioritise them and then maybe there will be fouwo data formats in
future, but want to led by requirements from the communitt, seeking buy-in for a
particular solution.

Acknowledgments. Thanks to Will O’Mullane for keeping us all on time so that
everyone who wanted to got to contribute and to Bob Mann fantavery good notes
on the discussion.
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