
CORE DATA PROCESSING SOFTWARE PLAN REVIEW | SEATTLE, WA | SEPTEMBER 19-20, 2013
Name	  of	  Mee)ng	  •	  Loca)on	  •	  Date	  	  -‐	  	  Change	  in	  Slide	  Master 1

John Swinbank 
Technical Manager, LSST Data Release Production 
swinbank@princeton.edu

IVOA Interoperability Meeting 
June 2015

Large Synoptic Survey Telescope

Introduction & data management requirements 

mailto:swinbank@princeton.edu


IVOA INTEROPERABILITY MEETING • SEXTEN/SESTO, ITALY • JUNE 2015

Outline
• The facility

• Design & capabilities

• Status & timeline


• Science goals

• Data products
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• Catalogues & images
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• Software stack
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Deep, Wide, Fast: pick any three
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• The telescope:

• 8.4m (~6.5m effective)

• ~10 deg2 field of view

• 3.2 gigapixel camera

• 6 bands (ugrizy; 320-1050nm)

• 2s readout; 5s slew & settle


• The survey:

• 18000+ deg2

• 10 years

• 30s exposure/visit

• ~825 visits

• r~24.5/visit; r~27.5 total
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be a faint limit shallower by about 1 mag in a given
survey lifetime. As a result, for Euclidean populations
the sample sizes would go down by a factor of 4, while
for shallower populations (e.g., galaxies around redshift
of 1) the samples would be smaller by a factor 2-3. The
distance limits for nearby sources, such as Milky Way
stars, would drop to 60% of their corresponding LSST
values, and the NEO completeness level mandated by
the U.S. Congress would not be reached.
If instead the survey coadded depth were to be main-

tained, then the survey sky area would have to be 6 times
smaller (⇠3,500 deg2). If the survey single-visit depth
were to be maintained, then the exposure time would
have to be about 6 times longer (ignoring the slight dif-
ference in the field-of-view area and simply scaling by the
étendue ratio), resulting in non-negligible trailing losses
for Solar System objects, and either i) a factor of six
smaller sky area observed within n = 3 days, or ii) the
same sky area revisited every n = 18 days. Given these
conflicts, one solution would be to split the observing
time and allocate it to individual specialized programs
(e.g., large sky area vs. deep coadded data vs. deep
single-visit data vs. small n data, etc.), as is being done
by the PS1 Consortium80.
In summary, given the science requirements as stated

here, there is a minimum étendue of ⇠300 deg2m2 which
enables our seemingly disparate science goals to be ad-
dressed with a single data set. A system with a smaller
étendue would require separate specialized surveys to ad-
dress the science goals, which results in a loss of surveying
e�ciency81. The LSST is designed to reach this mini-
mum étendue for the science goals stated in its Science
Requirements Document.

2.4. The Filter Complement

The LSST filter complement (ugrizy, see Fig. 4) is
modeled after the Sloan Digital Sky Survey (SDSS) sys-
tem (Fukugita et al. 1996) because of its demonstrated
success in a wide variety of applications, including pho-
tometric redshifts of galaxies (Budavári et al. 2003), sep-
aration of stellar populations (Lenz et al. 1998; Helmi et
al. 2003), and photometric selection of quasars (Richards
et al. 2002; Ross et al. 2012). The extension of the SDSS
system to longer wavelengths (the y band at ⇠1 micron)
is driven by the increased e↵ective redshift range achiev-
able with the LSST due to deeper imaging, the desire
to study sub-stellar objects, high-redshift quasars, and
regions of the Galaxy that are obscured by interstellar
dust, and the scientific opportunity enabled by modern
CCDs with high quantum e�ciency in the near infrared.
The chosen filter complement corresponds to a design

“sweet spot”. We have investigated the possibility of
replacing the ugrizy system with a filter complement
that includes only five filters. For example, each filter
width could be increased by 20% over the same wave-
length range (neither a shorter wavelength range, nor
gaps in the wavelength coverage are desirable options),
but this option is not satisfactory. Placing the red edge of
the u band blueward of the Balmer break allows optimal

80 More information about Pan-STARRS is available from
http://pan-starrs.ifa.hawaii.edu.

81 The converse is also true: for every étendue there is a set of
optimal science goals that such a system can address with a high
e�ciency.

Fig. 4.— The LSST bandpasses. The vertical axis shows the to-
tal throughput. The computation includes the atmospheric trans-
mission (assuming an airmass of 1.2, dotted line), optics, and the
detector sensitivity.
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Fig. 5.— An example of determination of the atmospheric opac-
ity by simultaneously fitting a three-parameter stellar model SED
(Kurucz 1979) and six physical parameters of a sophisticated atmo-
spheric model (MODTRAN, Anderson et al. 1999) to an observed
F-type stellar spectrum (F

�

). The black line is the observed spec-
trum and the red line is the best fit. Note that the atmospheric
water feature around 0.9-1.0 µm is exquisitely well fit. The com-
ponents of the best-fit atmospheric opacity are shown in Fig. 6.
Adapted from Burke et al. (2007).

separation of stars and quasars, and the telluric water
absorption feature at 9500Å e↵ectively defines the blue
edge of the y band. Of the remaining four filters (griz),
the g band is already quite wide. As a last option, the riz
bands could be redesigned as two wider bands. However,
this option is also undesirable because the r and i bands
are the primary bands for weak lensing studies and for
star/galaxy separation, and chromatic atmospheric re-
fraction would worsen the point spread function for a
wider bandpass.
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Fig. 18.— The distribution of the r band visits on the sky for a
simulated realization of the baseline cadence. The sky is shown in
the equal-area Mollweide projection in equatorial coordinates (the
vernal equinoctial point is in the center, and the right ascension is
increasing from right to left). The number of visits for a 10-year
survey, normalized to the SRD design value of 184, is color-coded
according to the legend. The two regions with smaller number of
visits than the main survey (“mini-surveys”) are the Galactic plane
(arc on the right) and the region around the South Celestial Pole
(bottom). The so-called “northern Ecliptic region” (upper left)
has received more visits than the main survey in this particular
simulation (in order to increase completeness for moving objects
by increasing the coverage of the Ecliptic plane). Deep drilling
fields, with a much higher number of visits than the main survey,
are also visible as small circles. The fields were dithered on sub-
field scales and pixels with angular resolution of ⇠30 arcmin were
used to evaluate and display the coverage.

the SRD.
The main deep-wide-fast survey will use about 90%

of the observing time. The remaining 10% of the ob-
serving time will be used to obtain improved coverage
of parameter space such as very deep (r ⇠ 26) obser-
vations, observations with very short revisit times (⇠1
minute), and observations of “special” regions such as
the Ecliptic, Galactic plane, and the Large and Small
Magellanic Clouds. We are also considering a third type
of survey, micro-surveys, that would use about 1% of the
time (which still represents 25 nights on a unique 8m-
class telescope).

3.1.1. The Main Deep-Wide-Fast Survey

The observing strategy for the main survey will be opti-
mized for the homogeneity of depth and number of visits.
In times of good seeing and at low airmass, preference is
given to r-band and i-band observations. As often as
possible, each field will be observed twice, with visits
separated by 15-60 minutes. This strategy will provide
motion vectors to link detections of moving objects in
the Solar System, and fine-time sampling for measuring
short-period variability. The ranking criteria also ensure
that the visits to each field are widely distributed in po-
sition angle on the sky and rotation angle of the camera
in order to minimize systematic e↵ects in galaxy shape
determination.
The universal cadence provides most of LSST’s power

for detecting Near Earth Objects (NEO) and naturally
incorporates the southern half of the ecliptic within its
18,000 square degrees (the northern half lies above the
desired airmass limits, X . 1.5). NEO sample complete-
ness for the smallest bodies (⇠140m in diameter, per the
Congressional NEO mandate) is greatly enhanced, how-
ever, by the addition of a crescent on the sky within 10

degrees of the northern ecliptic (see Fig. 18). Thus, we
plan to extend the universal cadence to this region using
the r and i filters only, along with more relaxed limits
on airmass and seeing. Relaxed limits on airmass and
seeing are also adopted for ⇠700 deg2 around the South
Celestial Pole, allowing coverage of the Large and Small
Magellanic Clouds.
Finally, the universal cadence proposal excludes obser-

vations in a region of 1,000 square degrees around the
Galactic Center, where the high stellar density leads to a
confusion limit at much brighter magnitudes than those
attained in the rest of the survey. Within this region,
the Galactic Center proposal provides 30 observations in
each of the six filters, distributed roughly logarithmically
in time (it may not be necessary to use the u and g filters
for this heavily extincted region).
The resulting sky coverage for the LSST baseline ca-

dence, based on detailed operations simulations, is shown
for the r band in Fig. 18. The anticipated total number
of visits for a ten-year LSST survey is about 2.8 million
(⇠5.6 million 15-second long exposures). The per-band
allocation of these visits is shown in Table 1.

3.1.2. Mini-surveys

Although the uniform treatment of the sky provided by
the universal cadence proposal can satisfy the majority
of LSST scientific goals, roughly 10% of the time will be
allocated to other strategies that significantly enhance
the scientific return. These surveys aim to extend the
parameter space accessible to the main survey by going
deeper or by employing di↵erent time/filter sampling.
As an example of a mini-survey, consider a program

that uses one hour of observing time per night to observe
a relatively small region of sky to substantially greater
depth in individual visits. Accounting for read-out time
and filter changes, it could obtain about 50 consecutive
15-second exposures in each of four filters in an hour.
If a field is visited every two days over four months,
about 600 deg2 can be observed with this cadence over
10 years. Taking weather into account, the selected fields
would each have on average about 40 hour-long sequences
of 200 exposures each. Each observation in a sequence
would have an equivalent 5-� depth of r ⇠ 24.5, and each
filter subsequence when coadded would be 2 magnitudes
deeper than the main survey visits (r ⇠ 26.5). When
all 40 sequences and the main survey visits are coadded,
they would extend the depth to r ⇠ 28.
This data set would be excellent for a wide variety of

science programs. The individual sequences would be
sensitive to 1% variability on hourly time scales, allow-
ing discovery of planetary eclipses. If these fields were
selected at Galactic latitudes of |b| ⇠ 30 deg, they would
include about 10 million stars with r < 21 observed with
signal-to-noise ratio above 100 in each visit. When sub-
sequences from a given night were coadded, they would
provide dense time sampling to a faint limit of r ⇠ 26.5
(assuming observations in 4 bands, every 2 days over 120
days, and accounting for weather losses), and thus en-
able deep searches for SN, trans-Neptunian objects, and
other faint transient, moving and variable sources. For
example, the SN sample would be extended to redshifts of
z ⇠ 1.2, with more densely sampled light curves than ob-
tained from the universal cadence. Such sequences would
also serve as excellent tests of our photometric calibra-

Figures: Ivezic et al
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Location
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Sites and data flow
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HQ Site

Science Operations


Observatory Management

Education & Public Outreach

Long-haul networks 
Path diverse


At least 2 × 40 Gbps

Archive Site 
Archive Centre 
Alert Production


Data Release Production (50%)

Calibration Products Production


EPO Infrastructure

Long-term storage (copy 2)


Data Access Centre 
Data Access and User Services

Summit and Base Sites 
Telescope and Camera


Data Acquisition

Crosstalk Correction 

Long-term storage (copy 1)

Chilean Data Access CentreSummit to base 

100 Gbps
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French Site

Data Release Production (50%)

Long-term storage (copy 3)
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Survey operations: 2022
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Frontiers of survey astronomy
• Time domain science:

• Novae, black-hole binaries, GRBs … 

• Source characterization 

• Instantaneous discovery 


• Census of the Solar System:

• NEOs, PHAs, moving objects

• Solar system & planet formation


• Mapping the Milky Way:

• Structure and accretion history

• Properties of all stars within 300 pc


• Dark energy and dark matter:

• Strong Lensing

• Weak Lensing

• Supernovae

7
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Data products
• A stream of ~10 million time-domain events per night, 

detected and transmitted to event distribution networks within 
60 seconds of observation.


• A catalog of orbits for ~6 million bodies in the Solar System.


• A catalog of ~37 billion objects (20B galaxies, 17B stars), ~7 
trillion observations (“sources”), and ~30 trillion measurements 
(“forced sources”), produced annually, accessible through 
online databases.


• Deep co-added images.


• Services and computing resources at the Data Access Centres 
to enable user-specified custom processing and analysis.


• Software and APIs enabling development of analysis codes.

11
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Level 1: Alerts
• State-of-the-art image 

differencing pipeline

• Alerts issued within 60 

seconds of observation

• 10M/night (average), 10k/visit  

(average), 40k/visit (peak)

• Each alert includes:

• Position

• Flux, size, and shape

• Light curves in all bands (up to a ~year; stretch: all)

• Variability characterization (eg., low-order light-curve moments, 

probability the object is variable)

• Cut-outs centred on the object (template, difference image)

12



IVOA INTEROPERABILITY MEETING • SEXTEN/SESTO, ITALY • JUNE 2015

Alert distribution
• VOEvent

• “Or some other format that is broadly accepted and used by the 

community at the start of LSST commissioning”


• LSST limited broker

• Rate limited distribution directly to end users

• Minimal filtering capability, based only on the contents of individual 

event packets; no classification

• Early experiments now underway

• e.g. https://github.com/SimonKrughoff/CometDemo


• “Fire hose” streams to selected public brokers

• Likely operated under an MOU with LSST

• Providing advanced filtering and event annotation services

13
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Level 2: Annual Releases
• Calibrated and consistent catalogues & images

• Objects, detections, detections in difference images, coadds, etc

• Enable static sky science and time-domain science which is not time 

sensitive (e.g. statistical investigations of variability)


• Made available in annual Data Releases

• Two releases in the first year


• Complete reprocessing for each release

• Every DR will reprocess all data taken up to the beginning of that DR

• Including reprocessing of level 1 data


• Projected catalog sizes:

• 018 billion (DR1) ➜ 37 billion (DR11) separate objects

• 750 billion (DR1) ➜ 30 trillion (DR11) individual measurements


• Cumulative ~500 PB image and ~50 PB catalogue data

14
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Level 2: Process & products
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Associate and Deblend

Multi-Epoch Object
Characterization

Forced Photometry

Objects

ForcedSources

CoaddSources
Level 1
Catalog

External
Catalogs

Visits

Coadd Creation

Coadd Source
Detection and

Characterization

CoaddsVisits

Single Frame
ProcessingVisits Sources

Visits

Relative Calibration
(Photometric and Astrometric)

Figure 4: Level 2 Processing Overview

Coadded images 
Deep, short-period, best 

seeing, PSF-matched; those 
not stored generated on 

request

Calibration products 
Darks, flats, biases, fringe, etc

Source catalogue 
Independent measurements on 

each exposure; high-SNR 
variables & moving objects

Object catalogue 
Detailed, multi-epoch 
characterization; model fits, 
colours, centroids, fluxes, 
surface brightness, etc. 
Include sampling of likelihood 
function for science cases 
requiring full posteriors

Forced photometry 
Measure flux of every source 

on every visit; characterize the 
light curve for every object in 

the survey

Single visit images 
Raw exposures, processed 
frames
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Level 3: User created
• Products created by the community and made available 

through an LSST Data Access Centre

• Use-cases not fully enabled by Level 1 and 2:

• Reprocessing images to search for SNe light echos

• Characterization of diffuse structures (e.g., ISM)

• Extremely crowded field photometry (e.g., globular clusters)

• Custom measurement algorithms


• Enabling Level 3:

• User databases and workspaces (“mydb”)

• Enabling user computing at the LSST data centre

• For processing that will greatly benefit from co-location with the 

LSST data

• Sized for ~10% of total compute budget


• Making the LSST software stack available to end-users

16
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All-new software stack
• Difficulty adapting existing public codes to LSST 

requirements (AstroMatic suite, PHOTO, Elixir, IRAF-
based pipelines, etc):

• Run efficiently at scale

• Flexible (plugging/unplugging of algorithms at runtime)

• Developed by a large team (20+ scientists and programmers)

• Maintainable over ~25 years of R&D, Construction, and Survey 

Operations

• Support a variety of hardware and software platforms

• Logging and provenance built into the design


• Early on (~2006), a decision was made to transfer 
scientific know-how, but not code.

17
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Design & language choices
• Python

• 2.7 currently; 3+ later

• All high-level code

• Whenever performance demands allow


• C++

• Limited subset of C++11 currently; more as compilers permit

• Computationally intensive code

• Exposed to Python through SWIG


• Modular

• (Virtually) everything is a Python module

• ~60 separate packages


• Open source, transparent development

• GPL v3+

• http://github.com/lsst • http://dm.lsst.org • ⚠ Under construction! ⚠

18
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Database & Science UI
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• Massively parallel, distributed, fault 
tolerant, spatially sharded, relational 
database


• Built on existing, well understood 
technologies (MySQL, xrootd)


• Commodity hardware, open source

• Advanced prototype available (qserv)

• Science User Interface 
provides access to and 
analysis of LSST data


• Web and machine 
interfaces to database


• Visualization capabilities

• User workspace
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Data distribution & the VO
• Actively assessing distribution methods:

• Access protocols

• Internal: native RDBMS protocol, HTTP(S)

• Public: SCS, TAP, SIAPv2, VOSpace, DataLink, OAuth/OpenID, …


• Catalogs

• Internal: native RDBMS storage

• Query: native SQL, ADQL

• Bulk: compressed FITS binary tables (or HDF5)


• Images:

• Internal: internal format (may be FITS)

• Public: compressed FITS (MEF)


• Time Domain Events

• Internal: native RBMS storage

• External: VOEvent + VOEvent Transport Protocol (evolved)


Adopt community standards where practical; drive development of 
standards where possible; build from scratch only when unavoidable.
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Conclusion
LSST will:


• Commence survey operations in ~7 years

• Produce an unprecedented volume of transient alerts

• Published to the worldwide community with low latency


• Generate annual data releases providing trillions of 
source measurements and petabytes of image data

• Available to the US, Chile and international partners with no 

proprietary period


• Use and develop community standards for making data 
available wherever possible

• Virtual Observatory standards are expected to play a major role

21
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Extra slides
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Example: VOEvent evolution
• Existing VOEvent format imposes significant overheads

• Example:


From http://wiki.ivoa.net/internal/IVOA/IvoaVOEvent/example1-v1.0.xml

• Information content: 
		 	 	 ~40 bytes


• Data on the wire: 
		 	 	 787 bytes  
 

Need compact serialization,

provisions for bulk delivery.
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http://wiki.ivoa.net/internal/IVOA/IvoaVOEvent/example1-v1.0.xml

