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Abstract

The LSST Science Requirements Document (the LSST SRD) specifies a set of data
product guidelines, designed to support science goals envisioned to be enabled by
the LSST observing program. Following these guidlines, the details of these data
products have been described in the LSST Data Products Definition Document (DPDD),
and captured in a formal flow-down from the SRD via the LSST System Requirements
(LSR), Observatory System Specifications (OSS), to the Data Management System
Requirements (DMSR). The LSST Data Management subsystem’s responsibilities
include the design, implementation, deployment and execution of software pipelines
necessary to generate these data products. This document describes the design of
the scientific aspects of those pipelines.
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Data Management Science Pipelines Design

1 Preface

The purpose of this document is to describe the design of pipelines belonging to the Applica-
tions Layer of the Large Synoptic Survey Telescope (LSST) Data Management system. These
include most of the core astronomical data processing software that LSST employs.

The intended audience of this document are LSST software architects and developers. It
presents the baseline architecture and algorithmic selections for core DM pipelines, developed
to a degree necessary to enable planning and costing of the pipelines assuming an Agile
software development framework. The document assumes the reader/developer has the
required knowledge of astronomical image processing algorithms and solid understanding
of the state of the art of the field, understanding of the LSST Project goals and concepts, and
has read the LSST Science Requirements (SRD) as well as the LSST Data Products Definition
Document (DPDD).

Though under strict change control, this is a living document. Firstly, as a consequence of
the “rolling wave” LSST software development model, the designs presented in this document
will be refined and made more detailed as particular pipeline functionality is about to be
implemented. Secondly, the LSST will undergo a period of construction and commissioning
lasting no less than seven years, followed by a decade of survey operations. To ensure their
continued scientific adequacy, the overall designs and plans for LSST data processing pipelines
will be periodically reviewed and updated.
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2 Introduction

2.1 LSST Data Management System

To carry out this mission the Data Management System (DMS) performs the following major
functions:

* Processes the incoming stream of images generated by the camera system during
observing to produce transient alerts and to archive the raw images.

* Roughly once per year, creates and archives a Data Release (“DR"), which is a static self-
consistent collection of data products generated from all survey data taken from the date
of survey initiation to the cutoff date for the Data Release. The data products (described
in detail in the DPDD), include measurements of the properties (shapes, positions, fluxes,
motions, etc.) of all detected objects, including those below the single visit sensitivity limit,
astrometric and photometric calibration of the full survey object catalog, and limited
classification of objects based on both their of the full survey area are produced as well.

* Periodically creates new calibration data products, such as bias frames and flat fields,
that will be used by the other processing functions, as necessary to enable the creation
of the data products above.

* Makes all LSST data available through interfaces that utilize, to the maximum possible
extent, community-based standards such as those being developed by the Virtual Obser-
vatory (“VO"), and facilitates user data analysis and the production of user-defined data
products at Data Access Centers (“DAC") and at external sites.

This document discusses the role of the Science Pipelines software in the first three functions
listed above. The fourth is discussed separately in the SUI Conceptual Design Document (SUID).

The overall architecture of the DMS is discussed in more detail in the Data Management System
Design (DMSD) document.
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2.2 Data Products

The LSST data products are organized into three groups, based on their intended use and/or
origin. The full description is provided in the Data Products Definition Document (DPDD); we
summarize the key properties here to provide the necessary context for the discussion to
follow.

* Level 1 products are intended to support timely detection and follow-up of time-domain
events (variable and transient sources). They are generated by near-real-time processing
the stream of data from the camera system during normal observing. Level 1 products
are therefore continuously generated and / or updated every observing night. This
process is of necessity highly automated, and must proceed with absolutely minimal
human interaction. In addition to science data products, a number of related Level 1
“SDQA’ data products are generated to assess quality and to provide feedback to the
Observatory Control System (OCS).

* Level 2 products are generated as part of a Data Release, generally performed yearly,
with an additional data release for the first 6 months of survey data. Level 2 includes
data products for which extensive computation is required, often because they combine
information from many exposures. Although the steps that generate Level 2 products
will be automated, significant human interaction may be required at key points to ensure
the quality of the data.

* Level 3 products are generated on any computing resources anywhere and then stored
in an LSST Data Access Center. Often, but not necessarily, they will be generated by
users of LSST using LSST software and/or hardware. LSST DM is required to facilitate the
creation of Level 3 data products by providing suitable APIs, software components, and
computing infrastructure, but will not by itself create any Level 3 data products. Once
created, Level 3 data products may be associated with Level 1 and Level 2 data products
through database federation. Where appropriate, the LSST Project, with the agreement
of the Level 3 creators, may incorporate user-contributed Level 3 data product pipelines
into the DMS production flow, thereby promoting them to Level 1 or 2.

Level 1 and Level 2 data products that have passed quality control tests will be made accessible
to the data rights holders on a cadence determined by the operations policy. Additionally,

Science Data Quality Analysis
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the source code used to generate these products will be made available to enhance repro-
ducibility and insight into the implementation of algorithms employed. The LSST will provide
documentation, and a list of reference platforms on which the software is expected to build
and execute.

The pipelines used to produce these public data products will also produce many intermediate
data products that may not be made publicly available (generally because they are fully
superseded in quality by a public data product). Intermediate products may be important
for QA, however, and their specification is an important part of describing the pipelines
themselves.

2.3 Data Units

In order to describe the components of our processing pipelines, we first need standard
nomenclature for the units of data the pipeline will process.

The smallest data units are those corresponding to individual astrophysical entities. In keeping
with LSST conventions, we use “object” to refer to the astrophysical entity itself (which typically
implies aggregation of some sort over all exposures), and “source” to refer to the realization of
an object on a particular exposure. In the case of blending, of course, these are just our best
attempts to define distinct astrophysical objects, and hence it is also useful to define terms
that represent this process. We use “family” to refer to group of blended objects (or, more
rarely, sources), and “child” to refer to a particular deblended object within a family. A “parent”
is also created for each family, representing the alternate hypothesis that the blend is actually
a single object. Blends may be hierarchical; a child at one level may be a parent at the level
below.

LSST observations are taken as a pair of 15-second “snaps”; together these constitute a “visit".
Because snaps are typically combined early in the processing (and some special programs and
survey modes may take only a single snap), visit is much more frequently used as a unit for
processing and data products. The image data for to a visit is a set of 189 “CCD" or “sensor”
images. CCD-level data from the camera is further data divided across the 16 amplifiers within
a CCD, but these are also combined at an early stage, and the 3x3 CCD “rafts” that play an
important role in the hardware design are relatively unimportant for the pipeline. This leaves
visit and CCD the main identifiers of most exposure-level data products and pipelines.

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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Our convention for defining regions on the sky is deliberately vague; we hope to build a
codebase capable of working with virtually any pixelization or projection scheme (though
different schemes may have different performance or storage implications). Our approach
involves two region concepts: “tracts” and “patches”. A tract is a large region with a single
Cartesian coordinate system; we assume itis larger than the LSST field of view, but its maximum
size is essentially set by the point at which distortion in the projection becomes significant
enough to affect the processing (by e.g. breaking the assumption that the PSF is well-sampled
on the pixel grid). Tracts are divided into patches, all of which share the tract coordinate system.
Most image processing is perfomed at the patch level, and hence patch sizes are chosen largely
to ensure that patch-level data products and processing fit in memory. Both tracts and patches
are defined such that each region overlaps with its neighbors, and these overlap regions must
be large enough that any individual astronomical object is wholly contained in at least one tract
and patch. In a patch overlap region, we expect pixel values to be numerically equivalent (i.e.
equal up to floating point round-off errors) on both sides; in tract overlaps, this is impossible,
but we expect the results to be scientifically consistent. Selecting larger tracts and patches thus
reduces the overall fraction of the area that falls in overlap regions and must be processed
multiple times, while increasing the computational load for processing individual tracts and
patches.

2.4 Science Pipelines Organization

LSST data processing needs may be broken down into three major activities: Alert Production,
Calibration Products Production, and Data Release Production. In sections[3} [4} and[5} respec-
tively, we describe breaking these down into constituent pipelines. In this document, a pipeline
is a high-level combination of algorithms that is intrinsically tied to its role in the production
in which it is run. For instance, while both Alert Production and Data Release Production
will include a pipeline for single-visit processing, these two pipelines are distinct, because the
details of their design depend very much on the context in which they are run.

Pipelines are largely composed of Algorithmic Components: mid-level algorithmic code that
we expect to reuse (possibly with different configuration) across different productions. These
components constitute the bulk of the new code and algorithms to be developed for Alert
Production and Data Release Production, and are discussed in section[6] Most algorithmic com-
ponents are applicable to any sort of astronomical imaging data, but some will be customized
for LSST.

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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The lowest level in this breakdown is made up of our shared software primitives: libraries
that provide important data structures and low-level algorithms, such as images, tables,
coordinate transformations, and nonlinear optimizers. Much (but not all) of this content is
astronomy-related, but essentially none of it is specific to LSST, and hence we can and will
make use of third-party libraries whenever possible. These primitives will also make it easier to
access and process Level 1 and Level 2 data products within the Notebook aspect of the LSST
Science Platform and associated computing services, as they constitute the programmatic
representation of those data products. Shared software primitives are discussed in section

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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3 Alert Production

Alert Production is run each night to produce catalogs and images for sources that have varied
or moved relative to a previous observation. The data products produced by Alert production

are given in

Name Availability | Description

DIASource Stored Measurements from difference image analysis of individual expo-
sures.

DIAObject Stored Aggregate quantities computed by associating spatially colocated
DIASources.

DIAForcedSource | Stored Flux measurements on each difference image at the position of a
DIAObject.

SSObject Stored Solar system objects derived by associating DIASources and infer-
ring their orbits.

CalExp Stored Calibrated exposure images for each CCD/visit (sum of two snaps)
and associated metadata (e.g. WCS and estimated background).

TemplateCoadd Temporary | DCR corrected template coadd.

DiffExp Stored Difference between CalExp and PSF-matched template coadd.

VOEvent Stored Database of VOEvents as streamed from the Alert Production

Tracklets Persisted Intermediate data product for the generation of SSObjects gener-
ated by linking moving sources within a given night

TABLE 2: Table of derived and persisted data products produced during Alert Production. A
detailed description of these data products can be found in the Data Products Definition
Document [LSE-163].

Alert Production is designed as five separate components: single frame processing, alert
generation, alert distribution, precovery photometry, and a moving objects pipeline. The first
four of these components run as a linear pass through of the data. The moving objects pipeline
is run independently of the rest of the alert production. The flow of information through this
system is shown in

In this document we do not address estimation of the selection function for alert generation
through the injection of simulated sources. Such a process could be undertaken in batch
mode as part of the DRP. Source detection thresholds can be estimated through the use of sky
sources (PSF photometry measurements positioned in areas of blank sky).

3.1 Single Frame Processing Pipeline (WBS 02C.03.01)

The Single Frame Processing (SFM) Pipeline (see Figure [2) is responsible for reducing raw
or camera-corrected image data to calibrated exposures, the detection and measurement

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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FIGURE 1: The alert production flow of data through the processing pipelines (single frame
processing, alert generation, alert distribution, precovery photometry)
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of Sources (using the components functionally part of the Object Characterization Pipeline),
the characterization of the point-spread-function (PSF), and the generation of an astrometric
solution for an image. Calibrated exposures produced by the SFM pipeline must possess
all information necessary for measurement of source properties by single-epoch Object
Characterization algorithms.

Astrometric and photometric calibration requires the detection and measurement of the
properties of Sources on a CCD. Accurate centroids and fluxes for these Sources require an
estimation of the PSF and background, which in turn requires knowledge of the positions of
the Sources on an image. The SFM pipeline will, therefore, iterate over background estimation

(see(3.1.4) and source measurement (see|3.1.5)

The SFM pipeline will be implemented as a flexible framework where new processing steps
can be added without modifying the stack code (this would include the ability to process
non-crosstalk corrected images should a network outage between the base and processing
center result in only the raw data being available). The pipeline, or a subset of the pipeline,
should be capable of being run at the telescope facility during commissioning and operations.

Single Frame Processing
Crosstalk
Corrected
—j—> ISR
Calibration
PSF and Background E’

Characterization

Calibration N . . .
Catalogs » Photometric and WCS Calibration 1

a

\4

~—Cabp
exposures

Io' :PSF, WCS,
Metadata

FIGURE 2: Single frame processing of the nightly data: instrument signature removal, as-
trometric and photometric calibration, background and PSF estimation from the cross-talk
corrected camera images.
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3.1.1 Input Data

Raw Camera Images: Amplifier images that have been corrected for crosstalk and bias by

the camera software. All images from a visit should be available to the task (including snaps).

An approximate WCS is assumed to be available as metadata derived from the Telescope
Control System with an absolute pointing uncertainty (for a full focal plane) of 2 arcseconds
and the field rotation known to an accuracy of 32 arcseconds [LTS-206].

Reference Database: A full-sky astrometric and photometric reference catalog of stars
derived either from an external dataset (e.g. Gaia) or from the Data Release Processing. Given
the current Gaia data release timeline the initial reference catalog is expected to have an
astrometric uncertainty of < 0.5 milliarcseconds and a photometric uncertainty of <20 millimag
(for a vV =19 G2V star). The expected release of these calibration catalogs is 2018 and will be
derived from the Gaia spectrophotometric observations of non-variable sources.

Calibration Images: Flat-field calibration images for all passbands and all CCDs appropriate
for the time at which the observations were undertaken. No corrections will be made in
the flat-fields for non-uniform pixel sizes - the flat-fields will correct to a common surface
brightness. A flat SED will be assumed for all flat field corrections. Fringe frame calibration
images scaled to an amplitude derived from the sky background (i.e. no sky spectrum will be
available).

Image Metadata: List of the positions and extents of CCD defects for all CCDs within the
focal plane; electronic parameters for all CCDs (saturation limits, readnoise parameters),
electronic and physical footprint for the CCDs, linearity functions, models for the variation
in the PSF width with source brightness (brighter-fatter), and parameterized models for a
component-based WCS (e.g. a series of optical distortion models) as needed.

3.1.2 Output Data

CalExp Images: A calibrated exposure (CalExp) is an[Exposure|object. The CalExp contains
the image pixel values, a variance image, a bitwise mask, a representation of the PSF, the WCS
(possibly decomposed into separable components), a photometric calibration object, and a

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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model for the background. For the alert production, it is not anticipated that a model of the
per-pixel covariance will be persisted but this will be revisited dependent on the performance
of image subtraction and anomaly characterization as described in

Source Databases: A catalog of Sources with measured features described in

OCS Database A parameterization of the PSF, WCS, photometric zeropoint, and depth for
each CCD in a visit. The PSF may be a simplified version (e.g. a single Gaussian) of that derived
for the Alert production. These data will be made available to the Telescope Control System
(TCS) to assess the success of each observation. A limited version of nightly SFM could be run
on the summit to generate this information or the data will be persisted within a database at
the data center that will be accessible to the TCS.

3.1.3 Instrumental Signature Removal

Instrumental Signature Removal characterizes, corrects, interpolates and flags the camera (or
raw) amplifier images to generate a flat-fielded and corrected full CCD exposure.

Pipeline Tasks

* Mask the image defects at the amplifier level based on the CCD defect lists, and the per
CCD saturation limits

+ Assemble the amplifiers into a single frame (masking missing amplifiers)

+ Apply full frame corrections: dark current correction, flat field to preserve surface bright-
ness, fringe corrections. Flat fields will assume a flat spectral energy distribution (SED) for
the source. Fringe frames will be normalized by fitting to the observed sky background.

+ Apply pixel level corrections: apply a correction model for brighter-fatter to homogenize
the PSF, correct for static pixel size effects based on a model

* Interpolate across defects and saturated pixels assuming a model for the PSF (with a
nominal FWHM). An estimate of the PSF will be needed for this operation (from the
TCS/OCS) or interpolation may be needed to be performed at the end of[3.1.4

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
LSST DM Technical Control Team. - DRAFT NOT YET APPROVED
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+ Apply a cosmic ray detection algorithm as described in[6.3.1

+ Generate a summed and difference image from the individual snaps propagating the
union of the mask pixels in each snap

Dependent on the properties of the delivered LSST image quality for 15 second snaps it may
be required to model any bulk motion between snaps prior to combination (e.g. if dome seeing
or the ground layer dominate the lower order components of the seeing).

3.1.4 PSF and background determination

Given exposures that have been processed through Instrument Signature Removal, Sources
must be detected to determine the astrometric and photometric calibration of the images.
As noted previously an iterative procedure will be adopted to generate an estimate of the
background and PSF, and to characterize the properties of the detected sources. Convergence
criteria for this procedure are not currently defined. The default implementation assumes
three iterations.

Pipeline Tasks The iterative process for PSF and background estimation comprises,

* Background estimation on the scale of a single CCD is as described in which divides
the CCD into subregions and estimates the background using a robust mean from non-
source pixels.

* Subtraction of the background and the detection of sources as described in The
initial detection threshold for source detection will be 50, with o- estimated from variance
image plane.

* Measurement of the properties of the detected sources (see|3.1.5). Dependent on the
density of sources it may be necessary to deblend the images as described in

+ Selection of isolated PSF candidate stars based on a signal-to-noise threshold (default 50
o). This threshold is significantly deeper than the magnitude limit for Gaia astrometric
catalogs but is the threshold at which the astrometric error on the centroid due to photon
noise is less than 10 mas and the photometric noise is less than 2% for the case of the
use of a deeper DRP derived reference catalog.

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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+ Single CCD PSF determination using the techniques described in|6.11.1|and the selected
bright sources

* Masking of source pixels within the CCD (growing the footprint of the Sources to mask
the outer regions of the Source profiles will likely be required to exclude contributes to
the background from low surface brightness features).

The default expectation is that all tasks within this procedure would iterate until convergence.
There maybe significant speed optimizations to be gained by excluding the Source detection
step after an initial detection if the number of sources does not change significantly with
updates to the background model.

3.1.5 Source measurement

For the Source catalog generated in[3.1.4} source properties are measured using a subset of
features described in[6.7] Source measurement is for all sources within the Source catalog and
not just the bright subset used to calibrate the PSF. We anticipate using the following plugin
algorithms within the Source measurement step,

Centroids based on a static PSF model fit (see|6.7.2land|[6.7.2)

+ Aggregation of pixel flags as described in[6.7.2

Aperture Photometry as geven in (but only for one or two radii)

PSF photometry given in assuming a static PSF model fit

+ An aperture correction estimated assuming a static PSF model and measurement of the
curve of growth for detected sources as given in|6.12

3.1.6 Photometric and Astrometric calibration

Photometric and astrometric calibration entails a “semi-blind” cross match (because the
pointing of the telescope is known to an accuracy of 2 arcseconds) of a reference catalog
derived either from the DRP Objects or from an external catalog (see , the generation
of a WCS (on the scale of a CCD or full focal plane), and the generation of a photometric
zeropoint (on the scale of a CCD). These algorithms must degrade gracefully for the case of

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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larger pointing errors (e.g. during the initial calibration of the system during commissioning)
and may need to operate in a “blind” mode where the pointing and orientation of the telescope
is not known.

Pipeline Tasks The photometric and astrometric calibration is expected to be performed at
the scale of a single CCD. It is possible that the calibration process will need to be extended to
larger scales (up to a full focal plane) if there is significant structure in the photometric zero
point, or if astrometric distortions cannot be calibrated at the scale of the CCD with sufficient
accuracy (i.e. the astrometric distortions do not dominate the false positives in the image
subtraction). A full focal plane level calibration strategy will introduce synchronization points
within the processing of the CCDs as the detections on all CCDs will need to be aggregated
prior to the astrometric fit.

The procedures used to match and calibrate the data are,

+ CCD level source association between the DRP reference catalog (or external catalog) and
Sources detected during the PSF and background estimation stage will use a simplified
Optimistic B approach described in Given an astrometric accuracy of < 0.5
milliarcseconds from external catalogs such as Gaia (for a vV = 19 G2V star) or an accuracy
of < 50 milliarcseconds for the DRP catalogs the search radii for sources will be dominated
by the uncertainties in the pointing of the telescope and the rotation angle of the camera.

+ Generation of a photometric solution on the scale of a single CCD as described in[6.14.1

* Fitting of a WCS astrometric model for a single CCD using the algorithms given in[6.13.1
The WCS model is expected to be composed of a sum of transforms or astrometric
components (e.g. a optical model for the telescope, a lookup table or model for sensor
effects such as tree rings).

* Persistance of the astrometric, PSF, and photometric solutions for possible use by the
Telescope Control system (TCS) (see[3.1.2)

Given the number of stars available on a CCD or the complexity of the astrometric solutions
for the LSST (e.g. the decomposition of the WCS into components) it may be necessary that
the astrometric and photometric solutions be performed for a full focal plane and not just a
CCD. For these cases the algorithms used will be single visit matching (see[6.23.2), single visit
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photometric solutions (see|6.14.1), and single visit astrometric fits (see|6.13.2). Fitting to a full
focal plane introduces a synchronization point in the alert processing where all CCDs must
have completed their previous processing steps prior to the astrometric calibration.

Astrometric and photometric solutions within crowded fields will utilize the bright and easily
isolated sources within a CCD image. The order of the WCS used in the astrometric fits will,
therefore, depend on the number of calibration Sources that are available.

3.2 Alert Generation Pipeline (WBS 02C.03.04)

The Alert Generation pipeline identifies variable, moving, and transient sources within a
calibrated exposure by subtracting a deeper template image (see Figure [3). The DIASources
detected on a DiffExp are associated with known DIAObjects and SSObjects (that have been
propagated to the date of the CalExp exposure) and their properties measured. The process
for image differencing requires the creation or retrieval of a TemplateCoadd, the matching of
the astrometry and PSF of the TemplateCoadd to a CalExp, and subtracting the template image
from the CalExp. Spurious DIASources will be removed using morphological and environment
based classification algorithms.

The Alert Generation pipeline is required to difference, and detect and characterize DIASource
sources within 24s (allowing for multiple cores and multithreading of the processing).

3.2.1 Input Data

CalExp Images: Calibrated exposure processed through[3.T|with associated WCS, PSF, mask,
variance, and background estimation.

Coadd Images: TemplateCoadd images that spatially overlap with the CalExp images pro-
cessed through This coadded image is optimized for image subtraction and is expected to
be characterized in terms of a tract/patch/filter. Generation of this template may account for
differential chromatic refraction or be generated for a limited range of airmass, seeing, and
parallactic angles.

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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FIGURE 3: Generation of alerts from the nightly data: image differencing and measurement
of the properties of the DIASources, identification and filtering of spurious events, association
of previously detected DIAObjects and SSObjects with the newly detected DIASources.

Object Databases: Objects that spatially overlap with the CalExp images processed through
This Object catalog will provide the source list for determining nearest neighbors to the
detected DIASources.

DIAObject Databases: DIAObjects that spatially overlap with the CalExp images processed
through This DIAObject catalog will provide the association list against which the DIA-
Sources will be matched.

SSObject Databases: The SSObject list at the time of the observation. The SSObject positions
will be propagated to the date of the CalExp observations and will provide an association list
for cross-matching against the detected DIASources to identify known Solar System objects.

Reference classification catalogs: Classification of DIASources based on their morphologi-
cal features (and possibly estimates of the local density or environment associated with the
DIASource) will be undertaken prior to association in order to reduce the number of false
positives. The data structures that define these classifications will be required as an input to
this spuriousness analysis.
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3.2.2 Output Data

DiffExp Images: Image differences derived by subtracting a TemplateCoadd from a CalExp
image.

DIASource Databases: DIASources detected and measured from the DiffExps using the set
of parameters described in DPDD will be persisted.

DIAObject Databases: DIASource will be associated with existing DIAObjects and persisted.
New DIASource (i.e. those not associated) will generate a new instance of a DIAObject.

3.2.3 Template Generation

Template generation requires the creation or retrieval (see[6.15) of a TemplateCoadd that
is matched to the position and spatial extent of the input CalExp. Generation of the Tem-
plateCoadd could be from a persisted Coadd that was generated from CalExp exposures with
comparable (within a predefined tolerance) airmass and parallactic angles, or from a model
that corrects for the effect of differential chromatic refraction (see[6.18). It is expected that
these operations would be undertaken on a CCD level but for efficiency the TemplateCoadd
might be returned for a full focal plane or a series of patches or a tract.

Pipeline Tasks

* Query for a TemplateCoadd images that are within a given time interval of the CalExp
(default 2 years) of the current CCD image, and are within a specified airmass and
parallactic angle.

* (optional) Derive a seeing and DCR corrected TemplateCoadd from a model (see DCR
template generation in[6.18). The current prototype approach assumes that the Tem-
plateCoadd will be derived for the zenith and will comprise a data cube with spatial
and wavelength dimensions (a low resolution spectrum per pixel). Propagating to the
observation will require aligning the DCR correction in the direction of the parallactic
angle of the CalExp.

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
LSST DM Technical Control Team. - DRAFT NOT YET APPROVED
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3.2.4 Image differencing

Image differencing incorporates the matching of a TemplateCoadd to a CalExp (astrometricly
and in terms of image quality), subtraction of the template image, detection and measure-
ment of DIASources, removal of spurious DIASources, and association of the DIASources with
previously identified DIAObjects, and SSObjects.

Pipeline Tasks

+ Determine a relative astrometric solution from the WCS of the TemplateCoadd image
and CalExp image

* Match the DRP Sources for the TemplateCoadd (see(5.1.4) against Sources from the SFM
pipeline (see[3.7) of the raw images.

« Warp or resample the TemplateCoadd using a Lanczos filter (as described in to
match the astrometry of the CalExp. It is possible that astrometricly matching the
TemplateCoadd and CalExp using faint source will need to be undertaken dependent on
the accuracy of the WCS.

+ For CalExp images with an image quality that is better than the TemplateCoadd precon-
volve the CalExp image with the PSF. Use a convolution kernel (see|7.10) that is matched
to the source detection kernel. This reduces the need for deconvolution in the PSF

matching (see|6.16.1)

* Match the PSF of the CalExp and TemplateCoadd images as described in 6.19.1| and
construct a spatial model for the matching kernel. This approach may include matching
to a common PSF through homogenization of the PSF (see|6.16.2

* Apply the matching kernel to the TempCoadd and subtract the images to generate a
DiffExp (as described in[6.76.1). Dependent on the relative signal-to-noise in the science
and template image decorrelation of the template image due to the convolution of the
template with a matching kernel may be necessary (see[6.79.1)

* Detect DIASources on the DiffExp using the algorithms described in[6.5] Convolution with
a detection kernel will depend on whether the CalExp was preconvolved in item 4.

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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* Measurements of the DIASources on the DiffExp will include dipole models and trailed
PSF models (see[6.7.2land [6.7.2]and parameters described in Table 2 of the DPDD. The
specific algorithms used for measurement of DIASources will depend on whether the
CalExp image was preconvolved.

* Measurement of the PSF flux on snap difference images for all DIASources.

+ The application of spuriousness algorithms, also known as “real-bogus”, may be applied
at this time dependent on whether the number of false positives is less than 50% of the
detected sources (see DIASources classified as spurious at this stage may not be  mopspuritymin
persisted (dependent on the density of the false positives). The default technique will be  ©*7 %
based on a trained random forest classifier. It is likely that the training of this classifier
will need to be conditioned on the image quality and airmass of the observations.

3.2.5 Source Association

In Source Association DIASources detected within a given CCD will be cross-matched or associ-
ated (see[6.23.4) with the DIAObject table and the Ssobjects (whose ephemerides have been
generated for the time of the current observation). The association will be probabilistic and
account for the uncertainties within the positions. The association may include flux and priors
on expected proper motions for the sources. External targets (e.g. well localized transient
events from other telescopes or instruments) can be incorporated within this component of
the nightly pipeline (essentially treating external sources as additional DIAObjects and associat-
ing them with the DIASources) enabling either matching to DIASources or generation of forced
photometry at the position of the external source.

Pipeline Tasks

* Generate the positions of SSObjects that overlap a DiffExp given its observation time by
propagating the sSobject orbit (see[6.25)

+ As described in|6.23.4]source association will be undertaken for all DIASources. Matching
will be to DIAObjects, and the ephemerides of SSObjects. Positions for DIAObjects will be
based on a a time windowed (default 30 day) average of the DIASources that make up

2The requirement for a 50% false positive rate is given in the (OSS (when discussing Solar System Object
requirements) and impacts the sizing model for the alert stream

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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19


https://docushare.lsstcorp.org/docushare/dsweb/Get/LSE-163
https://docushare.lsstcorp.org/docushare/dsweb/Get/LSE-30

55T

LARGE SYNOPTIC SURVEY TELESCOPE

Data Management Science Pipelines Design LDM-151 Latest Revision 2017-05-19, 14:43hrs

the DIAObject. A linear motion model for parallax and proper motion will be applied to
propagate the DIAObject to the time of the observation. A probabilistic association may
need to account for one-to-many and many-to-one associations. In dense regions it may
be necessary to generate joint associations across all DIAObjects (and associated DIA-
Sources) in the local vicinity of a DIASource to correct for mis-assignment from previous
observations. This could include the pruning and reassignment of DIASources between
DIAObjects. A baseline approach for nightly processing will be to select based on a
maximum a posteriori estimate for the association.

* DIASources will be positionally matched to the nearest 3 stars and 3 galaxies in the DRP
Object database. In its simplest case the search algorithm will be a tree-based nearest
neighbor search (the default radius for association is not defined) . The matched Objects
will be persisted as a measure of local environment.

* DIASources unassociated with a DIAObject will instantiate a new DIAObject.

* The aggregate positions for the DIAObjects will be updated based on a rolling time
window (default 30 days).

* Proper motion and parallax of the DIAObject will be updated using a linear model as
described in[6.22

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
LSST DM Technical Control Team. - DRAFT NOT YET APPROVED
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3.3 Alert Distribution Pipeline (WBS 02C.03.03)

The Alert Distribution Pipeline takes the newly discovered DIAObjects (including their associated
historical observations) and all related metadata as described in the DPDD, and delivers alert
packets in VOEvent format to a variety of endpoints via standard IVOA protocols (eg., VOEvent
Transport Protocol; VTP). Packaging of the event will include the generation of postage stamp
cutouts (30x30 pixels on average) for the difference image and the template image together
with the variance and mask pixels for these cutouts.

The SRD requires that the design of the LSST alert system should be able to handle 107 events
per night, which corresponds to 10* alerts per visit or 50 alerts per CCD (with the time between
subsequent visits averaging 39 seconds). All alerts (up to 10* per visit) must be transmitted
within 60s of the closure of the shutter of the final snap within a visit.

For a nightly event rate of 107, and assuming the schema described in Tables 1 and 2 in the
DPDD together with the generation of the postage stamp cutouts, the compressed VOEvents
data stream amounts to approximately 600GB of data per night (assuming no filtering of the
data). The Alert Distribution pipeline is designed to distribute these alerts with a workflow,
including the access point of external event brokers, shown in Figure [4]

In addition to the full data stream the Alert Generation Pipeline will provide a basic alert
filtering service. This service will run at the LSST U.S. Archive Center (at NCSA). It will enable
astronomers to create filters (see[3.3.4) that limit what alerts, and what fields from those alerts,
are ultimately forwarded to them. These user defined filters will be configurable with a simplified
SQL-like declarative language. Access to this filtering service will require authentication by a
user.

VOEvent alerts will be persisted in an alert database as well as distributed through a message
queue. The alert database (AlertDB) will be synchronized at least once every 24 hours and will
be queriable by external users. The message queue that distributes the alerts is expected to
have the capability to replay events for the case of a break in the network connection between
the queue and client but not to support general queries.

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
LSST DM Technical Control Team. - DRAFT NOT YET APPROVED
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FIGURE 4: Distribution of alerts from the nightly processing: generation of postage stamps
around each detected DIASource, distribution of the DIAObjects as VOEvents, simple filtering
of the event stream, and persistence of the events in a database.

3.3.1 Input Data

DIAObject Database: DIAObjects, with new DIASources, generated through image differenc-
ing will be used to create alert packets.

Difference Images: The DiffExp will be used to generate postage stamp (cut-out) images of
DIASources within the CCD.

Coadd Images: The TemplateCoadd used in image subtraction will be used to generate
postage stamp images of the template image for DIAObjects.

3.3.2 Output Data

VOEvent Database: VOEvents generated from the DIAObjects and cutouts will be persisted
within a database (e.g. a noSQL database) or object store.

3.3.3 Alert postage stamp generation

Creates the associated image cutouts (30x30 pixels on average) for all detect DIAObjects
(cutouts are generated from the current observation and not from historical observations).

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
LSST DM Technical Control Team. - DRAFT NOT YET APPROVED
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Pipeline Tasks

* Extract from the DiffExp the cutout of each DIAObject with a DIASource detected within
the current observation. Cutout images will be scaled to the size of the DIASource but
on average will be 30x30 pixels. Variance and mask planes, WCS, background model],
and associated metadata will be persisted. The prototype implementation assumes
that these cutouts will be persisted as FITS images with a projection that is the native
projection of the DiffExps.

+ Extract from the TemplateCoadd a cutout of each DIAObject with a DIASource detected
within the current observation. Cutout images will be identical in size and footprint
as those derived from the DiffExp. Variance and mask planes, WCS, and associated
metadata will be extracted with the pixel data. The prototype implementation assumes
that these cutouts will be persisted as FITS imagesand that the projection will be that of
the DiffExps.

3.3.4 Alert queuing and persistance

The alert queue distributes and persists DIAObject with new DIASources as VOEvents through
a message queue. It includes a limited filtering interface but persists the full VOEvents in an
AlertDB. The event message stream and the AlertDB will be synchronized at least once every
24 hours.

Pipeline Tasks

* Publish DIAObjects to a caching message queue (e.g. Apache Kafka) through the butler.
The prototype implementation assumes a distributed and partitioned messaging system
that uses a publication-subscription model for communication between clients and
the queue. This model maintains feeds of messages in categories called topics. An
example topic would be a DIAObject. Whether a topic would comprise a full DIAObject or
a subset of the data remains open (passing subsets of parameters as individual topics
would require that the client be able to synchronize and join topics into a full DIAObject).
For each of the 189 CCDs, approximately 50 events will be passed as messages to the
messaging queuing system. The distribution of the events from a given CCD will not

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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be synchronized with other CCDs within the focal plane (alerts from each CCD will be
independently processed).

+ A consumer layer will subscribe to the message queue and package them as VOEvents
and distribute these events to external users. To allow for network outages between the
message queue and the consumer the message queue must be able to replay previous
events.

* The consumer layer will provide a command line API to define simple queries or filters of
the events (limited to querying on existing DIAObject fields, or filtering the attributes of
the DIAObject). Web-based interfaces to the consumer layer will be developed by SUIT.

* Filtered or the full stream of DIAObjects will be packaged into VOEvents and broadcast to
VOEvent clients through the consumer layer

+ Afull, unfiltered, VOEvent alert stream will be broadcast to the AlertDB using the con-
sumer layer.

*+ Prior to the start of the subsequent night's observations, the message queue will be
flushed and synchronized with the AlertDB. It is possible to persist the message queue
on longer timescale but it is a requirement hat synchronization be performed within 24
hours of the observations.

To cope with the variation in density of events as a function of position on the sky and the need
for fault tolerance the message queue will need to be able to partition and replicate data. Given
the 600GB of data generated per night from the alert distribution, each full DIAObject stream
will require about 0.1 Gb/s network capacity. Whether the consumer layer will instantiate a new
consumer for each filter (or client) or will orchestrate the VOEvents from a single subscription
to the message queue is an open question that will depend on the expected network topology
(internal and external to the data center at NCSA).

The AlertDB will have an interface that can be queried (to enable historical searches of events)
including searches on other than timestamps. It is expected that the AlertDB will be a noSQL
datastore (e.g. Cassandra).

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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3.4 Precovery and Forced Photometry Pipeline

The precovery and forced photometry pipeline performs two tasks (see Figure[5). Forced PSF
photometry is undertaken for all DIAObjects that have a detected DIASource within a, default
1 year, window of time from the observation. Second, within 24 hours, precovery forced
photometry is performed on all unassociated DIASources within an image (i.e. new DIAObjects).
For each new DIAObject, forced (PSF) photometry will be measured at the position of the
source in each of the preceding 30-days of DiffExps.

Forced photometry is not required prior to alert generation. Completion of the precovery
photometry is required within 24 hours of the completion of the observations. Forced and
precovery can be undertaken as part of the nightly workflow if they do not impact the time
required to distribute the alerts.

Recovery and Forced Photometry

DIA Objects

(previous 1 year) l Forced
photometry of ’II
r_> DIAObjects
Difference Images

DIA Objects

Precovery of »I DIA Forced
new DIAObjects I
Difference Images

(previous 30 days) <24 hours

FIGURE 5: Forced photometry for DIAObjects: forced photometry on a night's DiffExp for all
DIAObjects that have detected DIASources within the last year, precovery photometry for the
previous 30 days of DiffExps for new DIAObjects

For ZI: | moved the precovery to a single pipeline
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3.4.1 InputData

Difference images: A cache of DiffExps within a finite time interval (default 30 days) of the
previous nights observations (inclusive of the previous nights data)

DIAObject Database: All DIAObjects with a DIASource detection within the last 12 months
and all unassociated (new) DIAObjects observed within the previous night

3.4.2 Output Data

DIAForcedSource Databases: Forced PSF photometry at the centroid (from the aggregated
individual DIASource centroids) of a DIAObject. The forced photometry is undertaken on the
current night's DiffExp for all DIAObjects with DIASources detected within the last year, and on
the previous 30 days of DiffExp for all newly detected DIASources.

3.4.3 Forced Photometry on all DIAObjects

Generate forced (PSF) photometry on the DiffExp for all DIAObjects that overlap with the
footprint of the CCD. Forced photometry is only generated for DIAObjects for which there has
been a DIASource detection within the last 12 months. The forced photometry is persisted in
the forced photometry table in the Level 1 database. Alerts are released prior to the generation
of forced photometry and forced photometry is not released as apart of an alert which means
that this component of the processing is not subject to the 60 second processing requirements
for nightly processing.

Pipeline Tasks

+ Extract all DIAObjects within the Level 1 database with a detected DIASource within the
last year (including the current nights observations). This information is available from
the DIASource and DIAObject association.

+ For the aggregate positions within the DIAObject undertake a PSF forced measurement
as described in section

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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+ Update the forced photometry tables in the Level 1 database.

3.4.4 DIAObject Forced Photometry:

Updated forced photometry table for all new DIAObjects

Pipeline Tasks

» Extract from the Level 1 database all DIAObjects that were unassociated (i.e. new DIA-
Source detections) from the previous nights reduction. Filtering of the DIAObjects will
need to account for cases where new DIASources are observed more than once within a
night (where the second or subsequent observations do not result in a new DIAObject).

* Extract DiffExps within a default 30 day window prior to the observation

* Force photometer the extracted images as described in using a PSF model and the
centroid defined in the DIAObject

* Update the forced photometry table within the Level 1 database

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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3.5 Moving Object Pipeline (WBS 02C.03.06)

The Moving Object Pipeline (MOPS) is responsible for generating and managing the Solar
System data products. These are Solar System objects with associated Keplerian orbits, errors,
and detected DIASources. Quantitatively, it shall be capable of detecting 95% of all Solar System
objects that meet the criteria specified in the OSS| (i.e. the observations required to define an
orbit). Each visit within 10 degrees of the Ecliptic will detect approximately 4,000 asteroids.

Components of MOPS are run during and separately from nightly processing (see Figure|).
MOPS for nightly processing is described in[3.2.5 as part of source association. “Day MOPS”
processes newly detected DIAObjects to search for candidate asteroid tracks. The procedure
for Day-MOPS is to link DIASource detections within a night (called tracklets), to link these
tracklets across multiple nights (into tracks), to fit the tracks with an orbital model to identify
those tracks that are consistent with an asteroid orbit, to match these new orbits with existing
SSObjects, and to update the SSObject table. By its nature this process is iterative with DIA-
Sources being associated and disassociated with SSObjects. It is expected that a frequency of
one day for these iterations (i.e. the SSObjects will be update each day) will be sufficient.

3.5.1 Input Data

DIAObject Database: Unassociated DIASources from the previous night of observing. This
means DIAObjects that were newly created during the previous night because they could not
be associated with known DIAObjects. DIASources associated with an SSObject in the night are
still passed through the MOPS machinery

SSObject Database: The catalog of known solar system sources

Exposure Metadata: A description of the footprint of the observations including the posi-
tions of bright stars or a model for the detection threshold as a function of position on the sky
(including gaps between chips)

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
LSST DM Technical Control Team. - DRAFT NOT YET APPROVED

28

orbitCompleteness

OSS-REQ-0159


https://docushare.lsstcorp.org/docushare/dsweb/Get/LSE-30

LARGE SYNOPTIC SURVEY TELESCOPE

55T

Data Management Science Pipelines Design LDM-151 Latest Revision 2017-05-19, 14:43hrs

3.5.2 Output Data

SSObject Database: An updated SSObject database with SSObjects both added and pruned
as the orbital fits are refined

DIASource Database: A updated DIASource database with DIASources assigned and unas-
signed to SSObjects

Tracklet Database: A temporary database of tracklets measured during a night. This
database will be persisted for at least a lunation.

3.5.3 Tracklet identification

From multiple visits within a night, link unassociated DIASources to form tuples (or n-tuples) of

DIASources

Pipeline Tasks

» Extract unassociated DIASources from the Level 1 database

* Link DIASources into tracklets assuming a maximum velocity for the moving sources.
The maximum velocity will be based on a prior as described in [20]. For each tracklet a
velocity vector will be calculated to enable pruning or merging of degenerate tracklets
within a data set.

* Merge tracklets by clustering in velocity and position (propagated to a common visit
time). Tracklets can contain multiple points and all permutations of the asteroid tuples
will be stored. In the process of merging tracklets DIASources that are not a good fit for
the merged tracklet will be remove and their associated tracklets returned to the tracklet
database. Moving or trailed sources will incorporate the position angle of the source
when linking. Details of the implementation of the DIASource linkage is described in|6.26

« Temporarily persist a database of tracklets. This database will be required for at least 30
days of data but, depending on resources available, may persist for longer.

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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3.5.4 Precovery and merging of tracklets

Tracklets are matched and merged with existing SSObjects and removed from the Tracklet
database. This culls any tracklets or DIASources that obviously belong to an existing SSObject
from the rest of the processing.

Pipeline Tasks

Return all tracklets identified within a given night of observations

Return the footprints of each visit and the time of the observation

Extract SSObjects from the SSObject database and propagated those orbits to the position
and time of a visit. Details of this orbit propagation for precovery are described in|[6.25

* Merge (precovery) the tracklets with the projected SSObject trajectories and refit the
SSObject orbit model. DIASources previously associated with an SSObject may no longer
fit the updated SSObject orbits. These DIASources will be removed from the SSObject and
returned as unassociated DIAObjects to the level 1 database. All tracklets associated with
these DIAObjects will be returned to the tracklet database. Details of this attribution and
precovery are described in|6.27

3.5.5 Linking tracklets and orbit fitting

Given a database of tracklets constructed from a window (default 30 days) of time, link the
tracklets into tracks assuming a quadratic approximation to the trajectory. Fit these tracks with
orbital models and update the SSObject database.

Pipeline Tasks

* Extract all tracklets from the tracklet database for a specified window in time (default 30
days)

* Merge tracklets into tracks based on their velocities and accelerations. Candidate tracks
are pruned by fitting a quadratic relation to the positions (after applying a topocentric

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
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correction to the positions of the sources). Efficiency in this matching procedure is
provided by a spatial index such as a kd-tree (see|6.28).

* Fit an orbit to each candidate track using a tool such as OOrb
(https://github.com/oorb/oorb) and, for poorly fitting points, return the DIASources and
associated tracklets to their respective databases for subsequent reprocessing.

* Merge SSObjects that have similar orbital parameters based on range searches within the
six dimensional orbital parameter space. Merged SSObjects will need to be refit and any
poorly fitting DIASources (and associated tracklets) returned to their respective databases
for subsequent reprocessing. Details of this procedure are given in[6.29

3.5.6 Global precovery

For all new or updated SSObjects propagate the orbits to the positions and times of the
observations of all tracklets and orphan DIAObjects to “precover” further support for the orbits.
This will prune the number of tracklets and DIAObjects that will require merging in subsequent
observations.

Pipeline Tasks

Return all tracklets identified within a given night of observations
* Return the footprints of each visit and the time of the observation

* Extract orbits for all new or updated SSObjects and propagate the positions to the times
of the observations for all visits covering the extent of the tracklet database, default 30

days, (see[6.25)

* Merge the tracklets with the projected SSObject positions and refit the SSObject orbit
model. Poorly fitting DIASources (and associated tracklets) will be removed from the
SSObject and returned as unassociated DIAObjects to the Level 1 database (as described

in6.27).

The process for precovery and updating of the sSSobject models is naturally iterative (given the
pruning of poorly fitting DIAObjects and tracklets). Updates of the SSObjects as part of each
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night of operations should enable sufficient iterations without requiring Day-MOPS to be rerun
multiple times per day. The computationally expensive operations in this pipeline are the orbit
propagation and the orbit fitting. Resources required for orbit propagation could be reduced
be removing the initial precovery stage but at the cost of increasing the number of tracklets
that would be available for matching into tracks. Orbital trajectories could be pre-calculated
and modelled as polynomials to enable fast interpolation during Day-MOPS.

Extending the Global Precovery to include singleton DIASources (i.e. one that are not merged
into tracklets) would enable the identification of asteroids at the edge of the nightly footprint
(where an object moves outside of the nightly survey footprint prior to the second visit or a
second visit is not obtained for a given field).

3.5.7 Prototype Implementation

Prototype MOPS codes are available at https://github.com/1sst/mops_daymops/and https://
github.com/lsst/mops_nightmops. Current DayMOPS prototype already performs within the
computational envelope envisioned for LSST Operations, though it does not yet reach the
required completeness requirement.
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FIGURE 6: Detection and orbital modelling of moving sources within the nightly data: Tracklet
generation from revisits, filtering of tracklets based on known SSObjects, fitting of tracks and
orbits to tracklets, pruning of tracklets and DIAObjects based on new and updated SSObjects.
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4 Calibration Products Production

This section details the input data and algorithms required to generate all data products
necessary for the photometric calibration of the LSST survey. Details of the application of
these products is covered in other sections of this document. The details of the input datasets
are given in §4.2land §4.5], which define the source of these data, i.e. which will be provided by
the camera team and which will be measured on the mountain. Finally, sections §4.3]and
list the various output data products from the Calibration Products Pipeline.

4.1 Key Requirements

The work performed in this WBS serves several complementary roles:

* It will enable the production of calibration data products as required by the Level 2
Photometric Calibration Plan (LSE-180) and other planning documents. This includes
both characterization of the sensitivity of the LSST system (optics, filters and detector)
and the transmissivity of, and emission from, the atmosphere;

* It will characterize detector anomalies in such a way that they can be corrected either by
the instrument signature removal routines in the Single Frame Processing Pipeline (WBS
02C.03.01) or, if appropriate, elsewhere in the system;

* It will provide updated values of the crosstalk matrix to the camera DAQ (for AP) and DM
(for DRP) for correction of the raw data;

+ It will allow for characterization of the optical ghosts and scattered light in the system.

4.2 Inputs

The following section details the input datasets which will be available to the Calibration
Products Pipeline which will be acquired by the operations team at some frequency TBD. Some
of these will be acquired frequently, e.g. flats, while some will be acquired much less frequently,
e.g. the gain and linearity values. It should be noted that these are the raw inputs, and as
such, the algorithmic sections for items that are listed as camera team deliverables are shown
as “None” as these will have been previously developed. However, many of these items are
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re-listed in the [outputs section| where the algorithms to recalculate/monitor these on the
mountain are defined.

4.2.1 Bias Frames

A set of bias frames used for the production of the master bias frame, obtained by acquiring
many zero second exposures with the shutter remaining closed, taken at the normal LSST
cadence.

* Algorithmic component: None - these just need to be taken.

4.2.2 Gain Values

Camera Team deliverable

The gain values for all amplifiers in the camera, in e”/ADU; note that these are required to high
accuracy (0.1%), as they are used in determination of the photometric flats.

* Algorithmic component: None.

4.2.3 Linearity

Camera Team deliverable

The linearity curve for each amplifier in the camera, as well as the level above which these
non-linearity curves should be considered unreliable.

* Algorithmic component: None.

4.2.4 Darks

Sets of long dark frames (~300s) with the actual exposure length optimized for the dark current
in the delivered sensors, the delivered read-noise, and considering the trade-off against the
integrated cosmic ray flux and radioisotope contamination.

* Algorithmic component: None - these just need to be taken.
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4.2.5 Crosstalk

Camera Team deliverable

The crosstalk matrix for every pair of amplifiers in the camera. It is worth noting that this is
expected to be a very sparse.

* Algorithmic component: None.

4.2.6 Defect Map

Camera Team deliverable

A list of all bad (unusable) pixels in each CCD, as well as list of possibly suspect pixels, i.e. ones
which should be flagged as such during processing.

* Algorithmic component: None.

4.2.7 Saturation levels

Camera Team deliverable

The lowest level (in electrons), for each amplifier, at which charge bleeds into the neighboring
pixels. If necessary, they will also provide the level at which the serial register saturates (i.e. if
the serial saturates at a lower level than the parallels).

* Algorithmic component: None.

4.2.8 Broadband Flats

Sets of flats taken through the standard LSST filters. Flats will be taken at a number of flux
levels to measure the “brighter-fatter effect"coefficients and to check linearity, including sets
of “superflats” - sets of high-flux flats with many repeats (> 50, possibly > 100). The superflats
taken for “brighter-fatter effect"characterization will not need to be taken regularly as this
effect is not expected to evolve with time.

* Algorithmic component: None - these just need to be taken.
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4.2.9 Monochromatic Flats

Sets of ‘monochromatic’ (c. Tnm bandwidth and spacing) flat-field screen images taken with no
filter/glass in the beam.
* Algorithmic component: None - these just need to be taken.

4.2.10 CBP Data

Sets of images taken with the Collimated Beam Projector (CBP). The proposed resolutions and
steps in these datasets are preliminary. All CBP data will be processed using the standard LSST
ISR, except without the application of flat-fielding. Standard LSST aperture photometry will
then be used to measure the number of counts associated with each CBP spot.
* Algorithmic component: Scripting the CBP/8.4m to take each of these datasets in concert.
The scripting/control requirements for the CBP are dealt with separately in

CBP dataset 1 Sets of CBP images scanned in wavelength at 1nm resolutio every 1Tnm for
a fixed set of spot positions on the camera, and for fixed footprint on M1. No filter should be
in the beam.

CBP dataset 2 Sets of CBP images scanned in wavelength at 20nm bandwidth every 100nm,
while rotating the CBP about a pupil to move the spot pattern around the camera for a fixed
footprint on M1. No filter should be in the beam.

CBP dataset 3 Sets of CBP images scanned in wavelength at 20nm resolution every 100nm
for a fixed set of spot positions on the camera, and for a number of footprints on M1; the
minimum number of footprints is ¢. 6 for a 30cm CBP, but in reality the use of more pointings
will be explored to test the assumption of azimuthal symmetry. No filter should be in the
beam.

31nm ‘resolution’ here denotes the bandwith of the light source, and can be this width, or any amount lower. It
should, however, be noted that the accuracy on the wavelength calibration of the light source needs to be at the
0.1nm level.

DRAFT NOT YET APPROVED - The contents of this document are subject to configuration control by the
LSST DM Technical Control Team. - DRAFT NOT YET APPROVED

37



LARGE SYNOPTIC SURVEY TELESCOPE

55T

Data Management Science Pipelines Design LDM-151 Latest Revision 2017-05-19, 14:43hrs

CBP dataset 4 Sets of CBP images scanned in wavelength at 1nm resolution every 1nm for a
fixed set of spot positions on the camera, and for a fixed footprint on M1. Repeated for every
filter. N.b. the wavelength range for each scan need only cover the range for which the filter
transmits appreciable light.

CBP dataset 5 Sets of CBP images scanned in wavelength at 20nm resolution every 20nm
for a fixed set of spot positions on the camera, and for fixed footprint on M1. Repeated for
every filter.

CBP Crosstalk Measurement Sets of CBP images taken with a suitably-designed sparse
mask to allow identification and measurement of all ghost images arising from electronic
crosstalk. The simplest sparse mask would have only a single spot, used to illuminate each
amplifier in the camera in turn (but less sparse solutions are likely also possible). The wave-
lengths used are unimportant, and there are no constraints on beam footprints on M1 or filter
choice. This will be particularly necessary should LSST be operated in a slow-readout mode,
for example for use with 30s integrations, as crosstalk coefficients would change considerably.

4.2.11 Filter Transmission

The transmission curves (transmission as a function of wavelength) for each filter, as a function
of filter position. This is to be delivered by the filter vendors rather than the camera team, but
is input data which will not be measured by DM. The required resolution is Tnm or better, in
keeping with the resolution of the monochromatic flats.

* Algorithmic component: None. We need to check what the proposed wavelength resolution
and accuracy the vendors are proposing to use for this is. | spoke to Steve Ritz at the AHM and
he seemed very positive about the vendor’s proposal for this, but we should check what the
plan is.

4.2.12 Atmospheric Characterization

These are the external measurements of atmospheric parameters, e.g. the barometric pres-
sure, ozone and temperature, provided by measurement systems both on and off site.

* Algorithmic component: Interfacing with the site team or parties responsible for the equip-
ment, to automate obtaining the measurements in a machine-readable form, including the
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ozone data from satellites.

4.3 Outputs from the Calibration Product Pipelines == Inputs to the AP/DRP
Pipelines

This section details the outputs from the Calibration Products Pipeline. Algorithms for the
production of each item are defined, and includes provision for the re-calculation of items
previously listed as “camera team deliverables”.

4.3.1 Master Bias

A trimmed, overscan subtracted, master bias frame from the entire camera, produced by
taking the median of several-to-many bias frames for each CCD on the focal plane.

* Algorithmic component: Given LSST's 2s readout, we do not expect to need to remove cosmic
rays explicitly; a robust stacking algorithm should be sufficient. A prototype construction
algorithm currently exists in pipe_drivers. The final version must be configurable to use
scalar-, vector- or array-type overscan subtractionﬂ If there is significant structure in the
overscan regions or the bias images themselves, some summary of this will be made and kept
as metadata to ensure that the fixed-pattern in each observation is the same.

4.3.2 Master Darks

A trimmed, overscan and bias-frame subtracted, master dark frame for each CCD on the
focal plane. These are produced by taking the median of several-to-many long (c. 300s) dark
exposures, which are subsequently scaled to 1s exposure length.

* Algorithmic component: The individual frames will be run through the standard ISR processing
(including cosmic ray removal) before being combined; this combination may be done using
the standard LSST image stacking code, and a prototype construction algorithm currently exists
in pipe_drivers. The final version must be configurable to use scalar-, vector- or array-type
overscan subtraction, and be robust to contamination from cosmic rays when coadding.

4 If the readout noise in any channel is too low (relative to the gain) to properly sample the noise distribution, a
simple fix is to add sets of n (e.g. 3) bias exposures before creating the stacked image.
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4.3.3 Master Linearity

Linearity curves for each amplifier in the camera; identical to unless updated during
operations.

* Algorithmic component: An algorithm will need to be written to generate the linearity curves
from raw data, either from binned flats, CBP data or “ramp frames”. This requires careful
treatment, as the “brighter-fatter effect"can masquerade as non-linearity. We expect to reuse
the algorithm developed by the Camera Team to supply the initial values, provided it can be
used to make this measurement to sufficient accuracy. The code to apply the non-linearity
correction during ISR is currently being implemented by Russell Owen. Care must be taken to
calculate these after bias subtraction, or be consistent with the way in which they are applied
during ISR.

4.3.4 Master Fringe Frames

Compound (polychromatic) fringe frames, dynamically created to match the emission spectrum
of the atmosphere at the time of observation, if necessary. Should it be found that the night
sky's emission spectrum is sufficiently stable so as not to change the fringe pattern, the first
few PCA components of the fringe pattern will be used instead.

* Algorithmic component: Construction of these fringe frames proceeds from|monochromatic|
likely using the existing PCA algorithm in pipe_drivers.

4.3.5 Master Gain Values

The gain values for all amplifiers in the camera, in ¢"/ADU; identical to unless updated
during operations, though it is thought that this will likely be necessary.

* Algorithmic component: Whilst highly accurate initial gain measurements will exist as an
input (to better than 0.1%), monitoring the evolution of the gains to the required accuracy is
currently an unsolved problem. The algorithm to determine this on the mountain is potentially
tricky and will need to be developed.

It will be possible to monitor the relative gain within a given CCD by demanding that the flat
fields be continuous across amplifier boundaries; this is, however, more difficult across device
boundaries. Ticket DM-6030 exists to explore the possibility of using cosmic ray muons and the
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unavoidable radioisotope contamination inside the camera for this purpose. If this faiIsE]then
another method will need to be devised. The necessary accuracy of this measurement should
be firmly established.

Two main techniques exist to measure the gain in CCDs: the photon transfer curve technique
(PTC), and illumination of the sensor with ®>Fe X-rays or those from another similar radioisotope.
Both of these techniques n