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Abstract

A distributed and data-parallel science pipeline data fl@sigh for the WIYN One Degree
Imager (ODI) is presented. This high-performance desigeadsired to handle the large data vol-
umes from this premier camera. The design is targeted tefg#tie pipeline science requirements
set forth by Dell’Antonio, et al. [1]. The design is groundadxperience with the NOAO Mosaic
Imager high-performance pipeline application [8], the MKDS pipeline for simplicity, which has
similar processing requirements. The ODI data flow desigy lbeamplemented using the NOAO
High Performance Pipeline System (NHPPS) [10] and many efpipelines, components, and
stages from the MOSAIC pipeline. This eliminates the pipeframework effort and limits appli-
cation development to ODI-specific requirements, thergegding delivery of a pipeline for ODI
data.

Keywords: ODI, pipeline
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Purpose of this Document

This document is an architectural blueprint for a high-perfance science pipeline for the WIYN
One Degree Imager (ODI) [3] that satisfies the pipeline smerequirements for this instru-
ment [1]. The data flow (also known as a workflow) through vasigipeline services is the
language of the blueprint. The internal structure of theises — the stages and computational
tasks — is more of a bricks and mortar implementation detail.

The purposes and goals for this document are:

e Communicating the vision, challenges, approaches, armthigaes for a high-performance
ODI pipeline to various audiences including science angeptdoards and managers

e Presenting a technically complete plan suitable for a desgiew
e Providing a blueprint for developers to implement the bagieline units

¢ Identifying a fast-track implementation plan that makes afexisting software and experi-
enced pipeline developers




ODI Pipeline Data Flow PLO13

1 Introduction

The WIYN One Degree Imager (ODI) is a very large format (gogeel) optical camera with elec-
tronic image stabilization (see Jacoby, et al. [3]). Mangraswill depend on a high-performance
pipeline to turn their raw exposures into science ready tatatimely manner. This pipeline
must make use of a cluster of processing nodes at optimakeifiz. This requires a data-parallel
and distributed data flow which can be optimized for the aldd resources. While the pipeline
framework, for example the NOAO High Performance Pipeligest&m (NHPPS) [10], provides
the functionality to perform many data processing openation a cluster, the pipeline designer is
responsible for organizing the processing operationgridlgns, and data flow to make optimal
use of this functionality within the available resources.

The ODI camera consists of an 8x8 mosaic of Orthogonal Tearsfray (OTA) detectors.
Each OTA provides an 8x8 grid of independently addressakéd pells. The cells are effectively
small independent CCDs. The specifics of the cells are nitalrto the pipeline application. The
key point is that the data format produces 4096 image rasitrsize of order 500light sensitive
pixels with small gaps between cells and OTAs.

The needed calibrations and data products are set forthei@tie Degree Imager Pipeline
Software and Archive Science Requirements Docufd¢mtefined by an invited panel with the
help of the WIYN Observatory director and ODI instrumentted he data flow design described
in this document is based on this requirements document bhasvihe author’s experience with
similar mosaic cameras.

The data flow design is described in a narrative overvigdy, (in more functional detail by a
pipeline decompositiortb), and in examplesi{). A reader may wish to read only the overview
and/or the examples to get the general idea of the data flow.

A pipelinein the context of this data flow document is the atomic disteldl unit of the data
flow. It is defined more fully in section 1.1. These pipelinge@te ondatasetsas defined in
section 1.2.

While the data flow presented here includes considerabéal dets still a relatively high level
view of the pipeline application. The pipelines are where digtual calibration and image pro-
cessing takes place and each pipeline has its own interteaffldav with parallelization, though
not across nodes, which are only briefly touched on. In tha flaiv presented in here we are
mainly concerned with identifying where the various caliiwns are made, that they occur in the
right order, and can be performed with as much parallelisthdastributed computing resources
as possible.

1.1 Pipeline Applications versus Pipelines

A fundamental architectural classification for distrilifgarallel processing systems is whether
they arefine-grainedor coarse-grained In the former very low level parallelization within the
computations is used. An example of this is parallelizing drstributing program loops over a
data unit such as an image. In the latter class complete gmeyor sequences of programs are
applied to a data unit (though multi-threading in tasks nlag be used). Because calibrations for
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large format astronomical cameras, especially mosaic i@@nean generally be done in parallel
over large detector data units such as CCDs, pipelines ésetinstruments are primarily coarse-
grained and, with lots of parallel data (callethbarrassingly parall¢] multi-threading and fine-
grained parallelism is less significant. The ODI camera atd tow design is no exception and
what is presented here is architecturally coarse-grained.

A pipeline system has at least three major elements. Thesthar(coarse-grained) execu-
tion framework, supporting components such as a calibratianager, and the instrument specific
pipeline application. While the purpose of this documertbi¢ay out the data flow for an ODI
pipeline application, we note that a straightforward anttkjimplementation would reuse non-
instrument specific components already developed and fmupmduction by NOAO. The imple-
mentation effort would then adapt similar components of M@SIAC pipeline application and
concentrate development on the ODI specific requirements.

The key concept in this section is that t@®I pipelineis a pipeline application and a pipeline
application consists of margipelines In this context a pipeline is a coarse-grained set of steps
that accomplish a part of the data processing on a subset afata, called aataset One may
logically think of a pipeline as a method of the pipeline aggtion and the stages in the pipeline
as the statements of the method. Another analogy that applibat a pipeline is a service in a
service oriented architecture (SOA). In the NHPPS fram&wqgipeline executes on a single node
as a service but there can be instances of the pipeline onragmodes as desired. The data flow
logic then selects the least busy pipeline/service as néasets are to be processed.

Many distributed pipeline systems have similar concepgsmpeline but with different nomen-
clature. For example, the LSST architecture calls the freonle a harnessand data parallel
pipeline instanceslices The latter term is particularly apt when there are as maogshs pieces
of atomic data, e.g. detector elements in an exposure.

The data flow through the pipelines can be represented agardhig for the most part. A
pipeline may call one or more child pipelines. A pipeline geally waits for the child pipelines to
return results before itself completing and returning sgpiarent. The key point in a data-parallel
pipeline application is that at any level a pipeline may depose its dataset into pieces and call
multiple instances of a particular child pipeline. The NFPfPamework allows the designer to
configure the number of instances that may be called at oreedimd also where in a cluster the
pipeline may seek a child; particularly the distinctionveeen using the same node as the parent
or any available node.

While we make a precise distinction between a pipeline appbn and a pipeline, the term
pipeline is often used more informally, including in thiscdonent as in th@©DI pipeling to refer
to a pipeline application because it is shorter and nataratany contexts. Also, the ternssib-
pipeling in analogy with subroutine, archild pipelinemay be used to refer to a pipeline called
by another pipeline.

1.2 Datasets

The elements of the data flow for a distributed and data-lehg@peline application ardatasets
The key generality is that a dataset can be any desired grgw@bidata to be operated upon by a
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particular pipeline. In the object oriented paradigm a skeités an object and a pipeline is a method
which operates on that type of object. The data flow desongtiere describes how datasets are
defined at various points. It is important to understand diagasets change during the processing.
For example, in one pipeline a dataset may be all OTAs of desiegposure while in another
pipeline it may be all data taken with a single OTA.

Another important concept is that a dataset is a set of idatatifiersor URIs; for example
filenames in an appropriate processing cluster syntax. ypiaal NHPPS pipeline application a
dataset object is implemented as a "list” file which contdilehames that include a node spec-
ification. Note that it is a data flow design choice, signifitamfluenced by the target cluster
architecture, whether data actually moves between lo@asyistems or is available from a high-
performance shared file system visible to all nodes. The ftisetwork resource identifiers sup-
ports both common storage models and lets the pipelinesaneot care about where the data is
located, though the developer should consider whethembis efficient to work on a local copy.

1.3 The MOSAIC and NEWFIRM Pipelines

There are several points to highlight concerning the NOAOSAIC and NEWFIRM pipeline
applications ([8], [9]), collectively referred to as the RO pipelines. A non-technical point is
recognizing the investment and experience embodied by thieelines. There is over 20 people-
years of work and experience in developing the infrastmegttomputational tasks and algorithms,
and applications. This does not include the work from the FR#ocessing toolkit, used in do
the actual computations, and from antecedent projectsariticplar, the Space Telescope Science
Institute’s OPUS [7] system used for their pipeline progegs An interesting synergy is that
NOAQO’s NHPPS framework, which evolved from OPUS, is now fegdack as a replacement for
OPUS at STScl.

The NOAO pipelines have processed large volumes of mostac d@his has proven the NHPPS
framework [10], upon which these pipeline applications lageered. to be highly reliable and
efficient. They also demonstrate the flexibility of the framoek by implementing significantly
different data flows to meet the calibrations requiremenitstfese instruments. For example, the
NEWFIRM pipeline data flow implements multiple passes of silgtraction and masking.

For the ODI pipeline a key point is that the data flow requirata@re similar in a most respects
to the MOSAIC pipeline. Therefore, the experience with digpg and optimizing the data flow
for that pipeline can and is reflected in this ODI design. sodbllows that a fast implementation
path for an ODI pipeline would make use of the NHPPS and maamehts of the MOSAIC
pipeline.

The NOAO pipelines support a self-calibration strategy nehghere both standard dome cal-
ibrations and the science data are used within a basic ddtasea block of nights. The block
of nights often match PI runs. The processing is then sinoléne classic (ground-based) model
of Pl data reductions where a PI program is assigned a bloakgbts and the PI is responsibly
for obtaining all calibrations and calibrating their datarh what they take home with them. That
these pipelines operate on blocks of nights and supportsaicl®l| calibration model is an im-
portant aspect of a general community pipeline requiredpierate on data from heterogeneous
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programs assigned time on the instrument in the classicgrbased Pl run mode.

However, it is important to understand that the MOSAIC gipelgoes beyond this classic Pl
model to the calibration library paradigm used by most oketery level pipelines. The ODI re-
quirements document [1] mandates a calibration librarybdipy which the NOAO pipelines also
are based upon. In the NOAO pipelines any calibrations ddrikom the dataset being processed
are entered into a calibration library, along with data guahformation, and any subsequent use
of these calibrations is through the calibration managleis imeans even if calibrations are derived
from a dataset the calibrations used for that dataset netduertbose calibrations if better quality
ones are available. Also if no calibration data is presewnlieoivable from the dataset, the data can
still be calibrated with data from the library obtained sgpaly. These may be from earlier data
but if reprocessing is performed this might be from chrogalally later data.

The ODI requirements [1] also specify the types of calilmagiwhich include bias/zero, dark
count, flat field, fringe template, illumination patterndgpupil pattern. These are all calibrations
produced and used by the MOSAIC pipeline. Of particular nibte derivation of night-sky cali-
brations, such as fringe templates and illumination flatifeis one of the most challenging tasks
for a pipeline. A lot of work and experience has gone into ihithe MOSAIC pipeline. Incorpo-
rating the techniques for extracting these calibratiorteraatically from on-sky exposures in an
efficient, data-parallel data flow requires careful design.

The calibration processing data flow for an ODI pipeline dabsn experience with the NOAO
pipelines, is discussed further in section 2 and in the etaata flow design which follows.

1.4 Pan-STARRS, DECam, and LSST Pipelines

The Pan-STARRS Image Processing Pipeline (PIPP) [5] andékieloping Dark Energy Cam-
era [6] and LSST pipelines [4] are other potential sourcesfages in the data flow. Pipelines
implemented using the NHPPS and the data flow laid out hertl goadlude processing stages
using computing elements of those pipelines. The PIPP rbiglatuseful source for unusual oper-
ations specific to the OTA technology, though nothing momaglex than convolutions based on
the guiding shift history is expected. In later sectiongdssing PSF matchingg.13.1) we note
that this operation requires some sophisticated algostihich are currently being developed and
tested by the LSST data management project. These LSSTithlgemrmay be incorporated in the
ODI pipeline at some point.

1.5 Pipeline Frameworks

There are a number of (coarse-grained) pipeline frameworkse and under development for
astronomical imaging camera pipelines. These include @RHBPS for the Hubble Space Tele-
scope operated by the Space Telescope Science InstituRSIbr the NOAO mosaic cameras,
the Pan-STARRS Image Processing Pipeline for the Pan-STAREescope” using a database
driven scheduler, Dark Energy Camera using grid tools (€gndor-G), and LSST using their
own pipeline harness. Of these the first three are in proolu@nd the latter are in data chal-
lenge driven development. As a general classificationgthee two types of frameworks: those
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developed specifically for astronomical image processimgthose based on grid technology.

Something that this document attempts to demonstrate isathefficientdata flow requires
the more sophisticated frameworks developed for astrocampipelines than a (solely) grid-style
scheduler approach. The emphasis on efficient means th& sith systems can process as-
tronomical camera data, they will take longer, given the es@womputing resources, than more
astronomical pipeline specific frameworks. In additionpeledence on a shared computing re-
source such as a TeraGrid cannot be more efficient than a 166#tated pipeline cluster because
of scheduling latency and optimized storage access. Okeotine promise of a shared grid is to
provide significantly more resources so that this makes ufhéoadvantages of a dedicated cluster
of a fixed size.

As a case in point, the largest high data throughput profeoptical astronomy in active de-
velopment is LSST. Their data management group is devejopiframework, which they call
a harness targeted to the needs of their pipeline. The LSST harneghtre a potential ODI
framework, however it is still under development. It is ently focused on the LSST-scale prob-
lem, which means a more complex framework than our expegierdicates is necessary for ODI,
though their vision is for a framework that would eventualypport pipelines from desktops, to
clusters, to grids.

As noted previously, a pipeline based on the proven andldeaNHPPS framework with the
high-performance data flow design modeled on the proven MG $4peline is the lowest risk and
fastest path to a high-performance ODI pipeline.

2 Calibration Processing

The ODI data flow presented here integrates calibration eiethee processing rather than having
separate pipeline applications. The requirements docufidgmay create the impression that
these are separate and it is not clear how dark sky calibisatice to be created. However, what is
described here is consistent with those requirements.

An integrated data flow makes use of recognizing observayioes (e.g. bias, dome flat, twi-
light, and on-sky exposures) and pipeline control pararaet&€he pipeline must also recognize
detector guided modes. In such an approach the higher lgy@ines, which primarily orches-
trate the data flow, simply by-pass inappropriate, unnecgssr undesired lower level processing
pipelines.

An integrated data flow allows multiple operational modesparticular, it can be used as a
purely calibration generating pipeline and as a purelyrsmexposure pipeline, or model the clas-
sic PI reduction process. For example, if the pipeline a&afibn is presented with only dome
calibrations then it acts as a purely calibration genenapipeline for producing master calibra-
tions. Alternatively, a block of nights can be presented #n@master calibrations derived first
before processing the science exposures. Note that in beds@ny derived calibrations are pro-
duced as data products for the user and archive and also maithbée for use by the calibration
library for current and future application.

A special requirement for ODI is that datasets without deteguiding (static mode) exposures
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are recognized and can be used to derive night-sky calims{e.g. fringing and illumination). In
this case the pipeline becomes both a calibration pipetinsdpport scientists to generate night-
sky calibrations from observations made specifically ftg furpose and one used for Pl programs
not using the guided modes.

For data which is guided the pipeline would use only libraalitration data which are con-
volved for each exposure’s shift history.

The integrated pipeline for static exposures, where nigglptealibrations are automatically gen-
erated, is essentially the one pioneered by the MOSAIC ipipellThe most challenging aspect of
that pipeline was developing decision methods to autoftidetermine which exposures, if any,
in a dataset are suitable for creating night-sky calibretioThe ODI pipeline makes use of this
experience.

Addition of a data flow that creates and applies calibratiatador guided mode programs is
actually quite simple. The part of the data flow used to geeeatark sky calibrations from static
data (the SKY pipeline described later) is skipped. Instetadic library calibrations are convolved
by an exposure’s shift history and applied to that expodBeeause this is independent of any other
exposure it can be done in purely exposure parallel praoggtie EXP pipeline defined below).

3 Limiting the Parallelization

In the data flow described here one of the main forms of péizleon occurs when a parent
pipeline divides its dataset into smaller datasets andagtiqumultiple instances of a child pipeline.
A common, and obvious, case is when a full field exposure isldd/in OTA pieces. If all paral-
lelization opportunities noted in the data flow are takerhwiit limit then it is possible to end up
with hundreds or thousands of datasets all trying to makgrpss at the same time. This leads to a
loss of performance from too much multitasking where preessire swapping out and waiting for
a long time to get another turn. It can also result in reacRi&dimits on the number of processes.

The solution developed for the NOAO pipelines lets the data flesigner think in terms of
requesting as many instances of a pipeline as makes sertbe fiteita without worrying about the
consequences of too many processes. This is accomplishiedvinyg the framework "call and
return” mechanism for pipelines throttle and queue the estyu

What happens is a parent pipeline submits all of the parddi&dsets, say for 64 OTAs, to as
many nodes as have a desired child pipeline available. Tradiwork then submits a smaller
number, defined in terms of the number per available nodee¥ample if the number is two and
there are 8 nodes then 16 datasets, two per node, are subartliehe rest are kept in a queue.
The advantage of the per node parameterization is thatférdift cluster sizes occur (because of
machines being down, added, or run at a different site) theihg behavior remains similar. The
number can be tuned but it is generally set to match the nuoflmares on the nodes.

As a dataset is completed by a child pipeline and the pareetipe is notified, the framework
sends another dataset in the queue to the same node. Allréva pgeline is doing is waiting for
the indication that all the datasets have completed.

An advantage of sending datasets to nodes as they compled iisoptimizes getting the whole
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group of datasets done when the nodes complete the workfatedit speeds due to hardware or
load differences. Also, if a node goes down it is possibletqueue a dataset.

A related aspect of the NHPPS to point out is that there is gunable limit on the number
of pipeline managers which run on a node. This may lead peoghank that this also limits the
number of datasets which run in parallel. But a pipeline gandimits the number of identical
stages, the basic pipeline processing unit, that can rureatame time (on the node).

There can be any number of datasets ready for a stage withpehne but only the available
number of pipeline manager instances can be actively psowesne of the datasets at that stage.
However, other datasets in other stages of the pipeline eatctive as well. So if there are four
pipeline manager instances for a pipeline with 10 stages, timeprinciple, 40 processes can be
running in parallel on the node. That the number of data mensafgr a particular pipeline is not
a limit on the number of datasets being processed is why tharma return mechanism is also
required. The number of pipeline managers per node is alserghly set to match the number of
cores. This is because most pipelines have a rate limitagesand so that number of processes
for that stage using all the available cores provides an@fiicise of the node.

In summary the data flow designer and operator can contratdhgber of parallel processes
in a number of ways. One, of course, is how the designer csomsdecompose the problem
into pieces and how to call pipelines. The "submit all andtstirategy is not the only method.
Beyond the data flow design itself, the distribution of pipe$s on the nodes can be configured.
For example, one can have one set of nodes do the de-trelatiotier the stacking, and so forth.
This gives a lot of operational flexibility. Then the numbép@eline managers on a node can be
configured. And finally, the queued "call and return” meckancan define how many datasets are
actually submitted at one time to a node.

4 ODI Data Flow Overview

In this section the ODI data flow design is presented as athar@erview. The data flow begins
with a dataset for some group of nights. The dataset may hi&etinio calibration data only,
science exposures only, or both. In the first case the ppétirused to generate calibrations
for a calibration library. In the second case the scienceosxges are processed assuming all
calibrations have been entered in the calibration librémythe third case the pipeline generates
calibrations from the dataset, if possible, adds them tac#tibration library, and then proceeds
as in the science exposure only case. Note that in this lasttb@ pipeline will calibrate the data
whether or not the particular dataset, say from a PI runuahes calibration exposures. The logic
is that the decision about the best calibration to use, vengttoduced from calibration data in the
dataset or not, lies with the calibration manager (a compomet described here).

The top level entry pipeline stages, verifies, remediatesgaoups the data. It processes groups
in the usual order for CCD calibrations — biases, darks, dbate, and on-sky exposures. The
on-sky exposures are ordered by static mode exposures wiagtbe used to produce night-sky
calibrations followed by guided exposures (coherent awedllmmodes). Each group must com-
plete before the next group begins, but within each grougiptelcalibration sequences or filter
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groupings are processed in parallel.

The dome calibration pipeline and its children make masaibations from sequences of
biases, darks, and dome flats and also check their datayqUddag master calibrations are checked
into the calibration library. The exposures in each seqgaane processed together since they must
be combined to produce a master calibration but are paraiteby OTA.

The science exposures are grouped by filter and multipledfitan be processed in parallel.
Each filter dataset is broken down into individual exposuvbgh are processed in parallel by a
single exposure pipeline. Within each exposure pipelieeQmAs are processed in parallel by an
OTA pipeline where most of the work, such as applying subitra@nd flat field calibrations and
determining the astrometric calibration, is performed.e@ubtlety, however, is that some global
steps, meaning across multiple or all OTAs, are requiredhferastrometric solutions and for the
scaling of pattern templates (pupil ghost and fringing) &tech a particular exposure. This is done
with a back and forth interaction between the exposure lepeline and the OTA child pipelines.
The astrometric calibration is a combination of catalogsegrces in parallel at the OTA level,
matching all the catalogs to a reference catalog and fittimas&rometric model at the global level,
and updating the individual OTA exposures back at the OTaAllev

For coherent and locally guided data the exposure pipefipkes all calibrations. In particular,
calibrations made from dark sky observations using eitheciéic on-sky calibration programs or
general science programs are taken from the calibratioarlibconvolved to the particular shift
history, and applied to each exposure.

For static data the exposure pipeline does not apply darkcakirations. Instead another
pipeline is called using the entire data set processed ghrdome flat fielding. This pipeline and
its children determine whether to create dark sky expodwyestacking suitable exposures using
source masking and rejection and extracting calibratioc ®s fringe templates and illumina-
tion flat fields. When these calibrations are created thegabenitted to the calibration manager.
Whether or not the pipeline is able to create calibratiorsased on a careful data quality assess-
ment. The individual exposures are then calibrated by rigytalibrators as is done in the single
exposure pipeline for guided data, though no convolutiogeggiired.

The dark sky calibration pipeline is parallelized in a mansienilar to the dome calibration
pipeline. The multiple exposures are kept together butrorga in parallel OTA pipelines. As
with the single exposure pipeline there is some back and toetween the full field and parallel
OTA pipelines to compute global parameters such as temgtaiengs.

The final calibration of the OTA groups is ultimately parified to individual OTA using either
the night sky calibration just created or a library calibrat

In the pipeline where the dark sky calibrations have beefiegpio the OTA images — the single
exposure pipeline for guided data and the night sky caldmatipeline for static data — the OTA
images are resampled to a standard sky orientation and acalstandard tangent point. This is
done for data which can be stacked or when a standard sangaliagroduct is produced.

Within the single filter dataset pipeline a stacking pipelis applied after the instrumental
calibrations. This only applies to data identified as sthtkaither by heuristics or from metadata
supplied by the observing control system about ditheredesszps. Generally there may be stacks
for multiple fields. These are distributed in a parallel fashso stacks of different fields can be
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created in parallel.

The stacking pipeline has two functions. One is to identifarisient” sources, such as cosmic
rays, and the other is to produce a deeper, gap removed astbodentation data product. The
transients are identified in a two pass manner. In the firs @asnitial stack is created, resampled
to the original detector sampling for each OTA, sources dentified in the difference of the
OTA and stack, and the sources are added to a mask. In thedspaes the OTA exposures are
resampled again, with the transient sources excluded oowednby interpolation to minimize
ringing from sharp cosmic rays, and then stacked a secoredusimg a mask which includes any
newly detected transients.

The stacking pipeline and its children are organized suatstieps are parallelized at the appro-
priate points. In particular, matching a piece of the firdgstack to an OTA, doing the difference
detection, and resampling the OTA with the transients reedas done in parallel for individual
OTAs.

The requirements document [1] identifies two levels of pssoey calledTier 1 and Tier 2.
Stacking and use of difference methods is categorized asZTieHowever, as just described,
stacking is a fundamental method for cosmic ray removalctvis a Tier 1 calibration requirement.
Because of this the stacking is done in a separate pipeln@sadescribed, from what is called
the science pipeline.

The science pipeline takes all the calibrated data prodagain within the parent single fil-
ter pipeline, and adds additional science capabilitiess irfcludes analyzing the catalogs from
the difference detections in the stacking pipeline forneséing transient sources, making source
catalogs, and doing image filtering operations.

The last part of the data flow for a dataset consists of a cafdeneric pipelines. These are
found in both the calibration and science exposure pipgli@ne is a data products pipeline that
builds the final data products, for instance making multeasgion files or combining resampled
OTAs into larger pieces such as a full image or, more useftglices” of a convenient size that
tile easily. One type of data product, which might be only éperators, is convenient review
documentation. An example of this is a "contact” sheet opbres (e.g. png or jpeg as in figure 3)
which can be reviewed quickly in a browser.

The data product pipeline has child pipelines to handle iplalexposures in parallel. One
capability these parallel pipelines provides is archivensission of the data products. This is an
option because one operational model to support is havimgparator or pipeline scientist review
the data products prior to archiving. Rather than block @@ dlow, this review process is moved
outside the pipeline using data products saved by the datagort pipeline described next.

The other utility pipeline runs at the end of a calibrationfitier dataset. Its function is to
move all data to be saved from the pipelines, where the dayjabmalistributed throughout the
processing cluster, to a desired location and format. Tlghhtonsist of creating an ftp directory
of data products including results which are not necegsgwiing into a long term archive. As well
as collecting data products to be saved, this pipeline dsms up all the remaining intermediate
processing data so that the next dataset from the top lgvelipe starts with sufficient disk space.

Upon completion of the last guided exposure dataset theeiogd pipeline, which has been
waiting for all child pipelines to return, does some finalazlaup, logging, and so forth. It notifies
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the agent which submitted the dataset and is then ready épaadataset from another block of
nights from that agent. In the NOAO pipelines that agentéftipeline Scheduling Ageift1].

5 ODI Data Flow Details and Pipeline Decomposition

In the following sections a description of each pipelinevghan figure 1 is presented. The figure
illustrates a pipeline hierarchy where data roughly flowsfithe top down. The tabbing indicates
a parent-child relationship where a pipeline calls one oremostances of another pipeline and
does not complete until all children have completed.

The description of each pipeline includes the type of databandles, some idea of the func-
tions it performs, and how it interacts with parent and chijoklines. Discussion of the computa-
tional operations and stages is limited, though issuesatigatinique to ODI or are important from
a parallel processing standpoint are noted.

5.1 TOP Pipeline

The TOP pipeline is the primary entry point for the ODI pipeliapplication. In principle, there
can always be higher level pipelines defined in terms of cbtlas of datasets expected by a lower
level pipeline; for example, a semester pipeline could aathonth pipeline, which calls a run
pipeline. It is also possible to enter a lower level pipelvith an appropriate dataset; this is done
when a subset of the pipeline application is configured asizkqeduce” pipeline at the telescope.
At NOAO, datasets are submitted to the top level pipelinea Bipeline Scheduling Agentiven

by aPipeline Scheduling Queyé1]. However, the way a dataset is generated and submdted t
the TOP pipeline is an operational detail independent optpeline data flow design.

For the ODI pipeline application we define a TOP pipeline sietas exposures from a block of
contiguous nights. Often this is equivalent to a Pl "run§aknown as a "campaign”. But queue or
shared scheduling can also result in a dataset with a mix d&l. There is no problem with this
for the pipeline. It is up to the archive or the data distribatsystem to protect proprietary data.
As described in th&lOAO Science Pipelines Operations MoflEl] the rationale for blocks of
nights is to handle cases where there are only a few exposuragarticular filter due to weather,
field availability during a night, or observing strategy.

While the default is for a block of nights, the details of thewping are irrelevant for the TOP
pipeline and a dataset may be submitted for a single nightmesother grouping of data. This is
because one function of the TOP pipeline is to decompose @mhestrate the dataset into smaller
pieces for processing. Section 2 pointed out that a datagat oonsist of only the calibration data,
including targeted static exposures for dark sky calibregj in which case the pipeline application
acts as a pipeline for creating library calibrations.

The functions for the TOP pipeline are

- orchestrate the staging of the data
- perform basic data verification and remediation
- create independent datasets based on filter, observggenright

12



ODI Pipeline Data Flow PLO13

Figure 1: The ODI Pipeline Hierarchy.

TOP - orchestrate block of nights
CAL - orchestrate bias, dark, and dome flat sequences
SEQ - process a single calibration sequence and add toylibrar
OCL - process and combine the OTAs from a calibration seqeienc
DPS - prepare data products, produce operator summaries
EDP - create single exposure data products, archive
DTS - transport any desired products to short term repgsitor
FTR - orchestrate on-sky data from one filter
EXP - exposure global calibrations, split data into OTAs
OTA - OTA calibrations
SKY - create night-sky calibrations by OTA (static data gnly
PGR - derive pupil ghost calibration from group of OTAs
SPG - remove pupil ghost for single OTA
FRG - derive fringe frame from group
SFR - remove fringing for single OTA
SFT - derive night-sky flat from group of OTAs
SSF - remove pupil ghost for single OTA
RSP - resample astrometrically calibrated OTAs
STK - stack overlapping exposures, mask transients
OSK - compare single OTA to stack to detect transients
SClI - analysis and special processing (aka Tier 2)
DPS - prepare data products, produce operator summaries
EDP - create single exposure data products, archive
DTS - transport any desired products to short term repgsitor
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- distribute and sequence the datasets
- clean up
- notify the triggering agent of the final status

One might expect that persisting of the pipeline data prtsjuseaning archiving or staging to
an ftp directory, might be a function of this pipeline. Busiead this function is delegated to a
lower level; specifically pipelines dealing with a singlefl night, etc. This allows more efficient
reprocessing in the event of a system crash where only tloenplete parts of the original dataset
need be processed.

The key orchestration step of distributing and sequencatgsets is the first level of paralleliza-
tion. Multiple filters, each representing one or more niglggending on the number of exposures
per night, are typically submitted to parallel instancethefnext pipeline. The NHPPS infrastruc-
ture, with advice from the pipeline, controls how many datsashould be attempted in parallel.
Experience has shown that two is a good choice to ensure gsodrnce use.

This pipeline also identifies all exposures which may bek&dc This is done with a WCS
heuristic or possibly based on information about the olzd@ms included with the data at the
telescope. All exposures are assigned a tangent point $anmgling. The tangent points are
defined by a grid on the sky but with a constraint that oveilagpgxposures will use the same
tangent point to avoid boundary problems.

5.1.1 Staging the Data

As defined in§1.2, a dataset is represented as a set of resource iderdifignsot the actual files.
For the TOP pipeline this may be a higher level abstracticarciive identifiers returned from an
archive query. These identifiers are passed to an archpaditpe data transport interface service to
physically stage the data. The optimal staging strategiramgly dependent on the pipeline and
archive system architectures and the way the data is oghaizd served by the archive.

In the MOSAIC and NEWFIRM pipelines the staging consists @fying the multiextension
FITS files (MEF) for each exposure to a data manager stagea &ther pipelines then decom-
pose the MEF files and distribute the pieces to local storaghe@nodes assigned for those pieces.
For DECam the proposed approach is to provide read-onlg liakhe actual archive store in a
network file system so no data is moved at this point. For Oial be the case that a single
exposure is stored as multiple files. It may also be more effidio stage data in a distributed
fashion at this point. For example in a cluster of four nodat anight be staged in parallel by
guadrants with the archive providing multiple servers.

Since the target processing cluster is still to be defineejailed staging strategy and data flow
is not defined further in this document.

5.1.2 Sequencing the Dataset

The exposures are sequenced in the following groupings.

- biases
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- darks

- dome flats and twilight flats
- static sky exposures

- guided sky exposures

Note that twilight flat sequences are treated in the almasesaay as dome flat sequences.
In the calibration discussion below the term dome calibradj in contrast to the term night sky
calibrations, should be interpreted as including the ontsilight exposures.

The calibration grouping is processed first using the CAlejiye. The static sky exposures are
processed next by the FTR pipeline with access to any cébiosajust created. Finally the guided
sky exposures are also processed by the FTR pipeline witnpat use of dark sky calibrations
derived from the static sky exposures.

5.2 CAL Pipeline

The CAL pipeline processes bias, dark, dome flat, and twiliigh sequences to produce master
calibrations. The input dataset is a collection of all doraébtation exposures from the TOP
pipeline dataset. It processes calibrations types in oofldrias, dark, and dome/twilight flat.
Within a calibration type it processes sequences in paralle

While this pipeline is designed to handle a dataset of albcations, the TOP pipeline should
do more orchestration to call the CAL pipeline for all biagsences only and then all dome and
twilight flat field sequences for each filter, with multipleééils using multiple parallel instances of
the CAL pipeline. This orchestration is similar to how theREpipeline is called and is useful in al-
lowing the data products to be completed in smaller grougimgich makes crash recovery/restarts
more efficient.

5.3 SEQ Pipeline

The SEQ pipeline processes a single dome calibration sequdh breaks up the sequence of
exposures into sequences of OTASs to be processed by pamatkahces of the OCL pipeline. When
all the OTAs have been processed, the master calibraticitdisdato the calibration library if the
data quality characterizations from the OTA pipelines tsséactory. Note that the calibrations are
maintained as separate OTA images. This is useful since Wigecalibrations are later requested
it comes from an OTA level pipeline that only needs a calibrafor its particular OTA. Master
calibrations found to be bad or of poor data quality are idiedtfor later operator review.

5.4 OCL Pipeline

The OCL pipeline processes a dome calibration sequencedrsimgle OTA. The is the primary

processing pipeline for dome calibrations. It performssstalk, overscan, and bias/dark calibra-
tions as well as dealing with bad pixels. After calibratingividual exposures it creates a master
calibration from the sequence. This pipeline also evatuhte data quality of individual exposures
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and the sequence. One important check is for saturationnredmd twilight flat field exposures.
When bad calibrations are identified they are flagged ancudgd from stacks and, when too
many exposures in a sequence are bad, the OTA calibratioarisachas bad.

There is an additional step for some dome and twilight flat fadta. If the filter suffers from
a pupil ghost pattern it is removed from the master calibrasio that the pattern is not flat fielded
away from the science exposures, which is photometricatlgrirect. Light from the pupil pattern
in the science exposure must be removed by subtracted digi@gce exposure calibration.

5.5 FTR Pipeline

The FTR pipeline processes a collection of on-sky expoduasthe same filter. The dataset may
contain exposures from one or more nights. Typically, thaskts have been organized to have at
least a minimum number of exposures such that if that numbsemaet obtained in one night then
additional nights are included.

Some of the algorithmic steps performed in this pipelinerdfasic dome calibration, is evalua-
tion of the suitability for creating dark sky calibratiorrem static mode exposures. These involve
analysis of low resolution sky images over the whole fielehsideration of various catalog criteria
such as source density and source size, and the distritmftibea number of non-source pixels over
the detectors. The input to these algorithms makes use abgatg information — low resolution
sky maps, evaluated source sizes and density, and sour&s mgenerated by child pipelines.

5.6 EXP Pipeline

The EXP pipeline processes a single exposure. There aatlypmany EXP pipelines running in
parallel. This pipeline has two main functions. One is binegklown an exposure into OTA pieces
for parallel OTA pipelines and the other doing astrometnd @hotometric calibrations across
multiple OTAs.

5.6.1 Astrometric Calibration

Astrometric calibration consists of identifying starsliretexposure with those from an astrometric
reference catalog. The identified stars are used to fit aftnanation between pixel and celestial
coordinates. The transformation is a function with suffitidegrees of freedom to account for
distortions (both within the telescope/camera and fronoapheric refraction) but of low enough
order to enforce the natural physical continuity of the sieynera, and detectors.

A question that arises with wide-field mosaic cameras is hawmone can parallelize this
calibration. The conservative approach is to utilize tharerfield to avoid discontinuities be-
tween detectors and to make use of physical constraints.cbniservative, full field approach also
imposes the minimum requirement on reference source gensit

The degree to which constraints on the astrometric solatierapplied — from full global con-
tinuity, to groups of OTAs, to independent solutions for e&TA — is selected by a pipeline
configuration parameter. What this means is that an implétien must support some level of

16



ODI Pipeline Data Flow PLO13

interaction between OTAs. When processing is parallellae®TA this requires some computa-
tion in another pipeline whose dataset is a collection of TAhe simplest architecture is to do
this with the EXP pipeline. The ODI pipeline science requieats [1] place some requirements
on the astrometric solution and recognizes that solutiongputed purely from reference sources
in an OTA are problematic.

Astrometric solution constraints over multiple OTAs in @alflow with parallelization at the
OTA level can still make use of the parallelization by appraie design. The approach is to gener-
ate catalogs for each OTA independently after which thd@gsaare collected by the EXP pipeline
for analysis. When all catalogs are received, the catalmgmarged into larger catalogs at the de-
sired OTA grouping scale. For a fully global coupling a sengilerged catalog is created. During
an earlier stage the EXP pipeline requests a catalog oemeferastrometric sources from a catalog
service. This can run in parallel with other steps to absogblatency in querying the reference
catalog. The requested field is defined by the initial WCS defiat the telescope. Uncertainties
in the initial WCS are accounted for by increasing the refeecfield size appropriately.

Once the merged exposure catalogs and the reference catalogtched the resulting catalogs
are used to define astrometric solutions. The solutionsb&ithdaptive such that when the source
density is high fairly local solutions are determined widelower densities more global solutions
are obtained. Ultimately the solutions are cast into fuordifor each OTA tied to a common
tangent point corresponding to the optical axis. The OTAeHx calibrations are send back to the
OTA pipelines to update the image WCS. An adaptive approatthglobal constraints is in use
with the MOSAIC pipeline.

5.6.2 Photometric Characterization

A by-product of the astrometric calibration uses the obsgrsources matched to the catalog
sources to produce some photometric characterizatiors asudepth. This involves finding the
flux scale, expressed as a magnitude zeropoint, that beshesathe reference source magnitudes
to the instrumental fluxes without considerations of basdpmnd source colors. This is not the
same as a photometric calibration but the photometric giiemare very useful for data quality
characterization. The zeropoint, along with sky levelswael from the cataloging, are also key
guantities needed for stacking exposures later in the data fl

Global and single OTA quantities are calculated. This imfation is also set back to the OTA
pipelines for incorporation into the header metadata fer@fifA images.

5.7 OTA Pipeline

The OTA pipeline processes a single OTA. This is where mogtetalibration is done. Typically
there are as many parallel instances of this pipeline rgnhoim as many OTAs from as many
exposures as maximizes the usage of the cluster resources.

Initially the OTA pipeline processes data from an OTA expesas a collection of single cells.
After crosstalk and overscan calibrations the cells aregeteinto a single raster with a mask
describing the gaps between the cells as well as other badusiable pixels. Note that for on-
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Figure 2: Operations performed by the OTA pipeline.

- crosstalk

- overscan

- masking and replacement

- merging

- bias or dark subtraction

- flat fielding

- single exposure cosmic ray masking

- pattern subtraction (e.g. fringing)

- catalog generation for astrometric calibration and phattic characterization
- updating the header with astrometric and photometribcations from the EXP pipeline
- resampling for stacking

detector guided exposures the shift history widens the gagome pixels are shifted out of the
active detector area. All further processing is done oneimesrged OTA images. The OTA image
is not unlike a single 4Kx4K CCD with masked columns and rows & the basic unit for most
further processing.

A question that arises is why stop the parallelization at aADIn principle one could dis-
tribute data down to the level of a cell. This is partly a qiesbf resources. However, the main
consideration is the context and goals of the pipeline. Fsti@ance pipeline run on a block of
exposures there is more than enough parallelization byingidn a large number of exposures in
parallel. This is the context assumed in this design. Theieffcy of parallelization by exposure
has been demonstrated with the MOSAIC and NEWFIRM pipelines

For the case of quick reducepipeline running at the telescope in near real-time withigicant
resources one could optimize the throughput for a singlesx@ by parallelizing to a cell level.
But even then disk and network transfers would likely lirhi¢ throughput.

The required list of calibrations is shown in figure 2. Thisaddow document is not intended to
describe the nature of the various calibrations or the tigcies. Rather the following discussion
focuses on the impact to the data flow.

5.7.1 Crosstalk

Crosstalk between cells along rows in an OTA is a possibilitye presence and characteristics of
crosstalk have to be evaluated with engineering data. TiH@aton either consists of scaling and
subtraction if there is a linear coupling or added to a mask é&idequate correction is possible. The
QUOTA experiment [2], which used different controller dlenics, showed very little crosstalk.
Crosstalk would likely be the first calibration performedc® it depends on the raw signal levels.
It needs to be done between cells as separate images sodhégiop precedes merging.

If there is crosstalk between OTAs, the data flow described tweuld need to be modified.
The EXP pipeline would call parallel instances of a crogspgbeline as done with the MOSAIC
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pipeline where crosstalk between pairs of CCD occurs. Tosstalk child pipelines take datasets
of OTAs which affect each other. The results of these pijslare sent to as many OTA pipelines as
needed. What is slightly unusual in this case is that the Op&lme returns to the EXP pipeline
and not the crosstalk pipeline. To emphasize, this alterdata flow is well-understood with a
working example but will only be implemented if needed.

5.7.2 Overscan

Overscan calibration uses overscan data associated weithce#l. Hence this operation must be
performed with data that is stored by cell in an MEF file. Owgarscorrection also includes a
"trim” operation where the overscan data is removed after ésother comment is that different
overscan subtraction algorithms can be applied dependirgnalysis of the overscan, with the
characterization becoming part of the data quality metadakamples of this analysis are 1) the
overscan is zero indicating a total dropout of signal anchecentire cell is flagged as bad and 2)
the overscan shows abrupt jJumps in level which requireseabliyrline overscan evaluation, and 3)
the overscan varies smoothly and can be fit by a low order ifumct

5.7.3 Masking and Replacement

This step identifies non-photometric pixels which are defibg an input calibration library mask
and various algorithms. The identified pixels are added towiput mask for the exposure. Ex-
amples of these types of pixels are bad detector pixels (ffminput mask), saturation, and
blooming/bleeding. The non-photometric pixels are pdgsiplace by interpolation. One ODI
consideration is that guided exposures will smear out b&ecta pixels.

5.7.4 Merging

It is more convenient for the data flow to handle data from glsi®TA as a simple image rather
than a collection of cells. The cells are merged into an intzped on the physical layout of the
OTA. The non-light sensitive areas between cells are thokth a mask.

One complication is when the exposure is "locally” guidedhwnultiple regions within a sin-
gle OTA. Even then it is possible to develop the processiagest based on the merged single
image. Whether this is done is an implementation questitin tnade-offs between the file format
simplifications and the complexity of tracking regions.

5.7.5 Bias or Dark Subtraction

There are minimal special considerations here. Calibnadita is obtained from the calibration
manager. It is likely only bias, also known as zero, calibratvill be needed but dark calibration
will also be supported. Dark calibrations will need to bevaned by the shift history of an

exposure.

19



ODI Pipeline Data Flow PLO13

5.7.6 Flat Fielding

Flat fielding has some special ODI considerations. If thaskttconsists of guided mode exposures
this step involves convolving flat field calibration dataaihtin static mode with the guiding shift
history. Guided mode data is also corrected for night skyrihation at this point. The calibration
data is obtained from the calibration manager.

For static mode exposures this step consists of only appbyosiome flat field calibration. Night
sky illumination calibrations are deferred to the SFT pipelafter possibly deriving the dark sky
calibrations from the dataset.

5.7.7 Cosmic Ray Masking

Cosmic ray masking consists of applying a single image cosayi detection algorithm. This is
done conservatively to not compromise the science data ecalise there may be a later, more
sensitive, detection for data taken with multiple expostioe dithering, stacking, or simple cosmic
ray splits. The detected cosmic rays are added to a mask asibfyoreplaced by interpolation.
The latter is a pipeline option whose default behavior wélldefined by a science advisor. There
are no unusual data flow issues.

5.7.8 Pupil Pattern Subtraction

A pupil pattern is where reflections within the optics proelacan image of the telescope pupil on
top of the in-focus image of the field. The important chanastie of this pattern is that it is depen-
dent only on the total light, which may include light outsitie imaged field, and independent of
the distribution of the light. To correct for this additiveflected light requires scaling a template
of the pupil pattern, produced by the calibration pipelind atored in the calibration library, to
match the pattern in a particular exposure and subtracting.

An important data flow aspect of this is that ideally the saoadisg of the template applies to
all parts of the pattern which fall on different OTAs. A switt the pipeline selects whether to
use independent scaling, where a scaling is derived onhy fhe part of the pattern in the OTA, or
a "global” scale factor. A global determination is more retsince only a small part of the pattern
may fall on an OTA and the pattern may be especially confusddseurces in some places.

A global scale is determined by accumulating the fittingistias independently for each af-
fected OTA, returning this information to the EXP pipelinbiash computes the net statistics and
scale factor, and then returning the value to the child Ofejimes. This "handshaking” logic has
been pioneered in the MOSAIC pipeline. It does impose a "Byartzation” point in the data flow
but there is no avoiding this if a global fitting of the patté&smequired.

Potentially the template derived statical exposures meisbinvolved by the shift history of the
target guided exposure, but the pupil pattern is of such Eselution that it would be a waste of
time. This is to be determined by a science advisor.
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5.7.9 Catalog Generation and Astrometric Calibration

The astrometric calibration and photometric charactédnaalso involves an interaction with the
parent EXP pipeline. Catalogs generated in parallel foheatA are collected by the EXP
pipeline, merged into a master catalog, sources are matchadeference catalog, and WCS
corrections derived. The corrections and global data tyuisformation is then sent back to the
appropriate OTA pipelines for header updates. An efficiepyortunity is for the global astro-
metric calibration in the EXP pipeline to be done in paraliglile other pixel level calibration
operations are being done in the OTA pipeline.

5.7.10 Resampling

Resampling the OTA data to a particular sky pixelizationaguired for stacking dithered or
serendipitously overlapping exposures. This can be dompaiallel provided all OTA pipelines
share a tangent point, output pixel scale, and orientafitve desired pixelization is supplied by
pipeline parameters describing a standard orientatiorseal@. Since there is no reason to chose
any particular orientation, this is typically the standémdrth up and east left” at a uniform and
rounded pixel scale such as 0.1 arcsecond/pixel.

The tangent points are determined as one of the orchestrstigps of the TOP pipeline. It
identifies all the data that will or can be stacked and defiaegédnt points. A typical choice is for
the tangent points is based on a grid (say a Healpix grid aegesolution) so that archival users
might have a high probability that data can be stacked frdferént programs without requiring
an additional interpolation. However, the algorithm muejuire that data being processed as a
dataset not use more than one tangent point for overlappimoseres.

One question to be addressed by a science advisor is whiathardividual resampled expo-
sures are to be archived data products. If this is not the taseesampling would only be done for
exposures identified by the TOP pipeline as stackable. lEdWBSAIC and NEWFIRM pipelines
it is currently the case that a resampled version of eachsexpas archived. For NEWFIRM this
is important because virtually all observations are faiolyg dithered sequences and observers
may want to change the way the pipeline selects and weigptssexes in a stack without having
to do the resampling themselves.

An implementation note is that if the data being resampleltl v resampled again in the
transient detection algorithm, a faster, not as scientlijickesirable, resampling algorithm can be
used.

5.8 SKY Pipeline

The purpose of the SKY pipeline is to evaluate whether daylkcskibrations can be derived from
a dataset, if so, it derives the calibrations, and appliek slay calibrations to the exposures. In
addition, exposures are resampled to a standard oriemiattbe same way as done for the guided
exposures in the OTA pipeline.

The SKY pipeline is run only on static mode datasets. It is igih fevel pipeline which or-
chestrates various child pipelines. The input datasetis¢h of all exposures in the FTR dataset
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from a single OTA. So the SKY pipeline runs as many parallsiances. The input OTA data will
have been bias, dome flat, and astrometrically calibrateth&yEXP pipeline but not night sky
calibrated or resampled.

Note that like the SEQ pipeline, the pipelines which creaipilppattern templates, fringe
frames, and dark sky illumination flat fields enter the caliltoms in the calibration library by
OTA. This is for the same reason that when a calibration isestgd for application to a science
exposure it occurs in a parallel pipeline calibrating a Er@TA.

5.9 PGR and SPG Pipelines

These pipelines derive a pupil ghost template from the s@T# exposures and apply it, or a
library template, to the individual images. It has logic ese&trmine whether it is possible to derive
the template from the dataset. If a template is derived iilsrstted to the calibration manager.

Applying a template to remove the pattern then includes ayquethe calibration manager for
the template to use. This ordering allows use of either thplate just derived from the dataset or
another template. Another template would be selected byndreager if either one was not entered
from the current dataset or another one is considered liEtsed on data quality considerations.
Note that if no calibration is available the pipeline norlypakturns and processing continues
without this calibration.

The pupil ghost correction involves scaling a template wheadividual exposure because the
amplitude is a function of the sky brightness. The scaleofastdetermined from the statistics of
unmasked (to eliminate sources) pixels. Because only pré@attern may be in a particular OTA
there is an option to use a global scaling. To derive a glotekesfactor involves collecting least
squares statistics from the OTAs, sending them to the FTRlipgwhich combines the statistics
from all OTAs into a global factor, and receiving the factoféere is additional discussion about
the pupil pattern and remove in section 5.7.8.

Once the template has been derived from the dataset andaleefactors for each OTA in the
set determined, the actual subtraction of the scaled téenfriam the individual images can be
parallelized by calling multiple instances of the SPG pipel The SPG pipeline is quite simple
but is needed to provide the parallelization.

5.10 FRG and SFR Pipelines

These pipelines derive a fringe template from the set of OXposures and apply it or a library
template to the individual images. It has logic to determirreether it is possible to derive the
template from the dataset. If a template is derived it is stibohto the calibration manager.

Applying a template to remove the fringe pattern then inekid query to the calibration man-
ager for the template to use. This ordering allows use okeithe template derived from the
dataset or another template. Another template would betseldy the manager if either one was
not entered from the current dataset or another one is cenesidetter based on data quality con-
siderations. Note that if no calibration is available thpghine normally returns and processing
continues without this calibration.
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The fringe correction involves scaling a fringe templateeéeh individual exposure because
the amplitude is a function of the variable night sky linekeBcale factor is determined from the
statistics of unmasked (to eliminate sources) pixels. &lgean option to use a global scaling. To
derive a global scale factor involves collecting least sgsiatatistics from the OTAs, sending them
to the FTR pipeline which combines the statistics from alA@into a global factor, and receiving
the factors.

Once the template has been derived from the dataset and dteefactors for each OTA in
the set determined, the actual subtraction of the fringmdérérom the individual images can be
parallelized by calling multiple instances of the SFR pipel The SFR pipeline is quite simple
but is needed to provide the parallelization.

5.11 SFT and SSF Pipelines

These pipelines derive a dark sky flat field or illuminatiorreotion from the set of OTA exposures
and apply it or a library calibration to the individual imagdt has logic to determine whether it
is possible to derive the flat field from the dataset. If a fldtlfie derived it is submitted to the
calibration manager.

Applying a flat field to flatten the data to the dark sky thenuels a query to the calibration
manager. This ordering allows use of either the flat fieldvéerifrom the dataset or another flat
field. Another template would be selected by the managethteione was not entered from the
current dataset or another one is considered better basgat@iquality considerations. Note that
if no calibration is available the pipeline returns and @ssing continues without this calibration.

The derivation of a dark sky flat includes logic to decide veethe stacked candidate flat field
should be smoothed to produce a large scale illuminatiooflathether it can be used at all scales
down to the individual pixels.

Once the flat field calibration has been derived from the éatid&i® actual flat fielding of the
individual images can be parallelized by calling multipietances of the SSF pipeline. The SSF
pipeline is quite simple but is needed to provide the pdiadigon.

5.12 RSP Pipeline

The RSP pipeline resamples static mode OTAs to facilitaiekatg or produce a simple "flat”
image data product in a standard orientation. This pipenmlled from the SKY pipeline for
each astrometrically calibrated OTA to parallelize thigigtion. Whether exposures that don't
stack with other exposures are resampled depends on alqoatamneter. The parameter may be
set based on whether single, resampled data products areddeg the PI or archive. The stages
are essentially the same as those applied to guided exggdaute EXP pipeline (se€|]).

An implementation note is that if the data being resampleltl v resampled again in the
transient detection algorithm, a faster, not as scientlijickesirable, resampling algorithm can be
used.

23



ODI Pipeline Data Flow PLO13

5.13 STK Pipeline

The STK pipeline creates stacked data products and appfi@sriation from overlapping expo-
sures to identify and mask transient data, most notably mosyps and satellite trails. The dataset
is a collection of all OTA's from overlapping exposures inrgde field. Multiple fields are handled
in parallel. The data flow in this pipeline consists of:

- matching PSFs

- making a "harsh” stack

- distributing work to parallel OTA pipelines to detect amsimove transients
- making a final science stack

An implementation note is that the stacks need not be fud fielll resolution, single images.
The stacks can be made in appropriate tiles. A data produydementation choice is also what
to do with pixels in the final stack that have no good data. Whilsoccur primarily for saturated
stars. In the MOSAIC pipeline these pixels are cosmeticalhyaced by interpolation.

5.13.1 PSF Matching

PSF matching of individual exposures when creating deegksia a requirement for the ultimate
ODI pipeline. PSF matching is a complex task which is a hoictop current research. Projects
with larger budgets and teams, as for example LSST, aregdinggvith finding robust solutions.

In the phased implementation advocated by the pipelinenseieequirements panel [1], the
first ODI pipeline will not include PSF matching and, with &émer year or two of work by other
groups, it may be possible to leverage off that work for thalfl@DI pipeline. In the meantime,
it is important to realize that even without PSF matchingqhigant benefits and results can be
obtained.

5.13.2 Harsh and Final Science Stacks

A harsh stack is one which aggressively eliminates poteinéiasient pixels with the consequence
that some good pixels are also eliminated. The rejectionxapin a harsh stack is done both
with sigma clipping and with a median of the remaining data.

The final science stack, after transient sources have beeontel@ and the original pixel data
resampled in such a way as to minimize interpolation ringisigreated by averaging pixels using
only masks to reject bad data. The masks contain bad andemars®urces identified by non-
statistical outlier methods. Outlier rejection is not usedthe final stack becase it inevitably
introduces systematic photometric errors if the PSFs asdipos are not well matched.

5.14 OSK Pipeline

The OSK pipeline matches the harsh stack to a single cadh@TA in the original (not resam-
pled) CCD data. Pixels are identified which have a signifigarsitive flux relative to the harsh
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stack. The pixels are added to a mask. The OTA is then resdmagken with the pixels masked
and replaced (to minimize interpolator ringing).

An implementation question is whether the detected trahsurces are cosmetically removed
from one or both of the unresampled and resampled version$® MOSAIC pipeline the resam-
pled version is "cleaned” while the original CCD samplindales only masked.

5.14.1 Matching the Harsh Stack to an OTA

In order to achieve maximum sensitivity to faint cosmic rélys stack is compared to the cali-
brated OTA data in the original pixel sampling. This regsifieding the region of the stack which
overlaps the original OTA and resampling to match it.

The matching should also include matching the PSFs. HowB&# matching requires sophis-
ticated algorithms as noted earlier. The PSF matching i sighificant within sources. Outside
of sources transient detection will still be fully sensgtend within sources the difference detection
algorithm can require higher significance to avoid idemifyPSF differences as transient sources.

5.14.2 Difference Detection

Difference detection is similar to standard source detactixcept that two images are used and
only pixels which are significantly different are detectedote this is more sophisticated than
simply creating a difference image and running a standancceadetection algorithm because the
statistics of the two images are derived and consideregamiently.

In the absence of PSF matching, the detection algorithnudled a flux ratio parameter. When
a tentative detection of a transient source is made, phdtgmsing the same apertures on both the
difference and the reference image (the stack) alone is amdpA requirement is applied on how
much flux in excess of the reference image is in the differefi¢es algorithm has proven to be
quite effective at eliminating detections of the cores after stars in mismatched PSF images.
This stellar core detection is by far the biggest effect wibtin-PSF matched data. The algorithm is
effective at identifying transients within fainter sousaghile still finding particularly bad cosmic
rays near the cores of bright stars.

5.15 SCI Pipeline

This is the parent pipeline for additional science progessif the final calibrated individual and
stacked exposures. The dataset is the collection of allgilesessed in the FTR pipeline to this
point. It primarily farms out individual exposures and &to instances of science subpipelines.

This pipeline and its children add the Tier 2 capabilitiesntified in [1] which are not already
incorporated in other pipelines. One example is user régddgtering. Another possibility is
generating final source catalogs.
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Figure 3: Example piece of MOSAIC pipeline review html page.

5.16 DPS Pipeline

The DPS pipeline receives a list of all files produced by tipelme for the parent FTR dataset. It
distributes data from each exposure to multiple EDP pipslitit creates summary documentation
for later review. One form of documentation is HTML pageshndata quality metrics and image
graphics at various scales. Figure 3 shows an example freflI®SAIC pipeline. On the left is
some exposure information with data quality measures. There are graphics for various data
products produced by the pipeline. Links provide access#alrs and higher resolution graphics.

5.17 EDP Pipeline

The EDP pipeline produces the data products for a singlesexpo This includes setting the data
formats and required header information. Stacks are agsdowvith the first exposure in the stack
and are also handled by this pipeline for uniformity. Theadaibducts may be sent to the archive
by this pipeline. Note that archive submission and datasprart are potentially different functions.
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5.18 DTS Pipeline

The DTS pipeline collects data from the pipeline and transpidto a desired destination. This
is where ftp staging of non-archived but PI desired datayetslis handled. Note the distinction
with archived data products which are standard producteeptpeline and are delivered to the
archive by the EDP pipeline.

This pipeline also deletes all files from the dataset whiehrent saved.

6 Error Handling

Defining what happens when an error occurs adds even moreledtgpo the already complex
parallel and distributed data flow. For example, what if o ®as bad data or if an algorithm
fails to converge? One doesn’t want the pipeline to stop bhetalso needs to define what should
happen. In this version of the data flow design we only notethigis an important consideration.

One useful contribution to this topic is that the MOSAIC pipe has identified, often from
experience, and addressed many error conditions and adeptar handling strategies. These
strategies will enter into an implementation of the ODI fliipe which is builds on the MOSIAC
pipeline.

7 Examples

Two examples are presented in this section to demonstratelataset grouping, sequencing, and
parallelization work in the data flow. The first example ddsxs the processing for a dataset
consisting of 85 exposures from two nights. Figure 4 showararmotated and compressed list
of the exposures using names indicative of the night, typexpbsure, filter, and field with the
brackets for ranges. These names are intended to makedat easollow the example and are not
something expected for user data.

The second example describes the state of the pipelinecapiph at an instant in time as
displayed (see figure 6) in a pipeline monitor GUI . The exanilpistrates how a dataset is broken
down into other datasets and that each dataset is a unigei@gipnstance with independent state.

7.1 Setting up the data flow in the TOP pipeline

The 85 exposures submitted to the TOP pipeline go througle setup steps before the calibration
and science processing actually begins. The first stepggtéhe exposure files referenced by
input dataset list. How this is done depends on the inteff@teeen the data source (an archive
or data stream from the telescope), the raw data format, ptchiaations that might be made by
staging pieces of the data in an parallel or distributed reann

Whether or not the data is fully staged, the TOP pipeline agliess the key observation meta-
data for setting up the data flow. In order to do this it musbgeize some things like exposure
types and filters. This involves checking if this informatis present and understandable. It
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Figure 4: Starting TOP dataset.

nl. biasl.[1-10] - ni ght
nl. bi as2.[ 1-10] - ni ght
nl.rdonel.[1-10] - night
nl. Bdonel.[1-10] - night
nl.rfieldl.[1-5] - night
nl.rfield2.[1-5] - night
nl.rfield[3-8].1 - night
nl.Bfieldl.[1-5] - night
n2. bi asl.[1-10] - ni ght
n2. Bdonel.[1-10] - night
n2. Vdonel.[1-10] - night
n2.Bfield2.[1-5] - night
n2. Bfi el d2g.[ 1-5] - ni ght

first bias sequence of 10

second bi as sequence of 10
r-band done flat sequence of 10
B- band done flat sequence of 10
r-band dither on field 1

r-band dither on field 2

r-band single exposures of fields 3-8
B-band dither on field 1

bi as sequence of 10

B- band done flat sequence of 10
V-band done flat sequence of 10
B-band dither on field 2

B-band dither on field 2 (guided)
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might also involve some remediation. An example of reméaliatould be standardizing the filter
names which might have been setup or entered differentlyeateiescope; this is a situation that
unfortunately occurs with many NOAO instruments.

After verifying the key metadata the TOP pipeline groupsdhlemitted dataset into into the 7
datasets shown in figure 5. Datatsetl is all the bias expssiDataset[2-3] are dome flat fields
grouped by filter. Dataset[5-6] are static on-sky exposgresped by filter. Dataset7 are guided
on-sky exposures grouped by filter.

The science exposures within a filter may be further grougeddht depending on the number
of exposures taken on each night of the block. A minimum nurobexposures for a dataset is
a pipeline parameter which we set to 15 for this example. lightrhas less than 15 exposures
it is grouped with the next night, and so on. In the groupinmgsiffigure 5 dataset6 shows two
nights treated as one dataset. In this example there is moofaeparating all data from a filter
into multiple nights since there are no filters with 15 or mexposures per night.

The TOP pipeline does another kind of setup consisting ohgfistandard resampling tangent
points and overlapping exposures. Overlapping exposueeglantified using both a clustering
heuristic based on the telescope pointing information anadviords set at the telescope indicate
dither sequences. In this example 8 distinct fields are foufiélds 1 and 2 have 5 exposure
dithers taken in two filters on two nights. Fields 3 to 8 argyimpointings. All the exposures
have tangent points assigned from a grid of tiling tangemitppfor example from a Healpix tiling
with a resolution of about 1 degree. For fields 1 and 2 the @lgarensures that even if individual
exposures might be nearer to different tangent points,usecthey are dithers they will all have
the same tangent points. In the example, 4 exposures in figtd hearer to (2:35,32:00) and the
other 6 are nearer to (2:35,33:00). The algorithm assigriab exposures in field 1, from both
nights and both filters, a tangent point of (2:35,33:00).
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Bi ases

nl. biasl.[1-10]
nl. bi as2.[ 1- 10]
n2. biasl.[1-10]

Figure 5: Grouping the TOP dataset.

Done Fl ats

nl.rdonmel.[1-10]

dat aset 3

nl. Bdonel. [ 1- 10]
n2. Bdonel. [ 1- 10]

Static Exposures

nl.rfieldl.[1-5]
nl.rfield2.[1-5]
nl.rfield3-8].1

dat aset 6

nl.Bfiel d1.[1-5]
n2. Bf i el d2. [ 1- 5]

Qui ded Exposures

n2. Bfi el d2g. [ 1- 5]

dat aset 4

n2. Vdonel. [ 1- 10]

7.2 Master Biases

The TOP pipeline first submits datasetl to the CAL pipelinéhe TAL pipeline breaks up its
dataset into three bias sequence datasets which are sedbutparallel instances of the SEQ
pipeline. Each instance gets a list of the 10 exposures takarsingle sequence.

Consider the first group of tem1. bi as1. [ 1- 10] , which are identified as n1.Biasl. The
SEQ pipeline handling this single bias sequence createsl@fagasets, each having data from the
10 exposures from a single OTA. These are passed to 64 pamatiEnces of the OCL pipeline.

The OCL pipeline calibrates and stacks the calibrated image a master calibration image
for the OTA. For bias exposures the calibrations are prim@ust overscan subtraction. A data
guality characterization, both for the input OTA images &ndhe final stack is also carried out.

When all the OTA master bias calibrations from the first seqaeare completed the SEQ
pipeline submits the set, call them n1.Bias1.[1-64], todhiération library along with the derived
data quality.

When the three bias sequences have been completed by theis&iQgs there are 192 master
bias OTA images along with associated files such as datayjoaisks and variance arrays. These
are passed to the DPS pipeline which groups them into thtesets, one for each master bias, and
sends them to parallel instances of the EDP pipeline. The Epé#line builds the data products,
which might be MEF versions of the calibration, mask, andarare arrays as well as graphics
at one or more scales. Building the data products includéisgell metadata as required by the
archive and end users. The files might be something like a$Bin1.Biasdq, nl.Biaslvar, and
nl.Biaslpng.
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The data products are sent to the archive as selected by lmpiparameter. Note that data
products sent to the archive are in user/archive friendignéds which are different than what is
stored in the calibration library which is optimized for ass by independent OTA pipelines.

After all the EDP pipelines produce and archive the mastas Hata products, including the
graphics files, the DPS pipeline extracts information atlben and builds summary and review
documentation. This is a web page with postage stamp gmphat link to higher resolution
versions.

After the DPS pipeline is done the CAL pipeline calls the DTiBetine with the list of all
files generated within the CAL pipeline. The DTS pipelineeséd, based on pipeline parameters,
what to save and what to do with them. For example the file @kBis placed in an ftp directory
accessible by the PI as defined by metadata associated witiettders. Any files not saved are
then deleted.

7.3 Master Dome Flats

The TOP pipeline waits for all the master biases to be cred#en this has happened it submits
the dome flat field datasets (datasets[2-4]) to parallehimess of the CAL pipeline each of which
breaks up its dataset into sequences. For example datesesssting of all the B-band dome flat
exposures, goes to an instance of the CAL pipeline wheresiegrated into two sequences, one
from night 1 and one from night 2. The sequences are procésspdrallel instances of the SEQ
pipeline which each process the OTAs in parallel.

The processing of thel. Bdonel dome flat sequence, for example, is similar to that described
for the master biases. The main difference is that the OCelipip applies calibrations appropriate
for a dome flat. The OCL pipeline handling the first OTA wouldwest a master bias for that OTA,
say nl.Biasl.1, and apply it to each dome flat exposure. Daherthcessing may also require
removing a pupil pattern signature.

The data quality checking for dome flat exposures is morenekte than biases. This includes
checking count levels for saturation and comparing ag&adier master dome flats. As with the
biases, the individual master dome flats for each OTA areresht@to the calibration library as
well as producing data products for the archive and user.

7.4 Static On-sky Exposures

When the TOP pipeline has completed the dome calibrationsxes it submits the unguided
science exposures for each filter to parallel FTR pipelinesour example two instances of the
FTR pipeline are called for dataset5 (r-band from night 1) dataset6 (B-band from the merged
nights).

Let's consider dataset5. This has 15 exposures which amaiggd in parallel to 15 EXP
pipelines. Following the data flow for exposuré. rfi el d1. 1, the EXP pipeline does some
full-field setup such as getting a reference catalog of ssurentered at the pointing of (2:34:24,32:05:05)
with a radius of 0.5 degrees from the USNO-B1 catalog.
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The exposure data is split into 64 OTA datasets, where eaéghdafiaset consists of 64 cells,
for parallel OTA pipelines to process. In one OTA pipelinay ghe first OTA, a master bias
(nl1l. Bi as1. 1) and r-band dome flat calibrationX. r Fl at 1. 1) are obtained from the cali-
bration manager. All the various calibrations up througmddlattening, described i§b.7, are
performed. As described in that section, part of the praoggs by cell and then the cells are
merged into an simpler OTAimage, sa§. rfi el d1. 1. 1.

One of the steps in the OTA pipeline is generation of a souataelay at a depth useful for
astrometric calibration. When this catalog is completéds sent to the parent EXP pipeline.
When the EXP pipeline has received 64 catalogs it merges thi&ara master source catalog
and matches the sources against the astrometric referatadlegc WCS solutions are performed
against these matches. Then the WCS solutions, as well dsméwic characterization based
on the matched sources, are sent back to the OTA pipelinesittcbrporated into the calibrated
OTAs. For instance, a magnitude zero point of 26.33 is aasettiwith the exposure.

When the 15 first night r-band exposures have returned frenEXP pipeline, the set of expo-
sures is next processed by the SKY pipeline for possiblywaeridark sky calibrations. This has
many steps which we will simply described as follows. The gposures are stacked in detector
coordinates using object masks generated by the OTA pealiong with any bad pixel masks.
If the exposures have been sufficiently dithered and cowarakfields the stack will consist of
sky estimates at all pixels. From this stack an iterativegss first extracts a pupil ghost pattern
(if necessary), subtracts it from each exposure, producesvastack, extracts a fringe pattern (if
necessary), subtracts it from each exposure, producesgtiea stack, and divides it into each
exposure as dark sky illumination calibration. If at eadpst could not produce a suitable cali-
bration a library calibration is used. If it does produce libecation it is entered into the calibration
library, again by OTA, for use by the dataset and any lateasis.

This complex data flow in the SKY pipeline includes places wehere are 64 parallel OTA
specific pipelines (PGR, FRG, SFT) and 960 (= 64 * 15) paralieyle exposure / single OTA
pipelines (SPG, SFR, SSF).

A final step in the SKY pipeline is the RSP pipeline. This rgesia dataset with the 960
OTA images that have now been calibrated (if possible) failguattern, fringing, and dark sky
illumination. They were also astrometrically calibrateatler in the EXP pipeline and the re-
sampling tangent points were assigned by the TOP pipeliepeBding on pipeline configuration
parameters, none, only overlapping, or all exposures aesmpled to an pipeline defined standard
orientation. In our pipeline example, the exposures arented with north up and east left with
a scale of 0.1 arcseconds per pixel. The resampling usessanpolation using the data quality
masks to minimize ringing from bad data. The resamplingchor a high quality interpolator
like a sinc function is slow, is done in parallel by OTA and espre.

Of the 15 exposures in dataset5 there are two fields, eacHiwgtbexposures that overlap. All
the pieces, the OTAs both resampled and not, are passed tpasabiel instances of the STK
pipeline. Datasenl. rfi el d1 has 5 * 64 * 2 science images along with masks and variances.
The set of resampled pieces are median stacked with magkihgudlier rejection to form a harsh
stack defining the static sky during the set of observati®enember that by design all the OTA
images have a common sampling on the sky and so the stackjoges only integer shifts of the
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pixel arrays.

The 320 OTA pieces in the original detector sampling are stiedhin parallel to the OSK
pipeline along with the harsh stack. Remember that it istposto the data that are referenced in
a dataset so it is not like copying the harsh stack 320 times.

The harsh stack is cropped and resampled to match the OTA godsideration in an OSK
pipeline. Sources are detected in the difference of ther@igingle OTA and matching piece of
the harsh stack. The detected difference (transient) ssune added to a mask for that particular
exposure and OTA.

The unresampled OTA image is resampled again using the nrmaskraalgorithm that either
replaces the sources by interpolation or uses and inteégodlaat can ignore bad data to avoid
ringing.

The STK pipeline has been waiting for all the OTAs to be cleboktransients. When this is
accomplished a final science quality stack is created. Tlikesuse of the information in the
masks to eliminate bad data and the good data is averageouwahtlier rejection.

Once the stacks, sayl. rfi el dl.stk andnl. rfi el d2_st k, has been created the FTR
pipeline moves on. The data have now been fully calibrateded’ier 1 requirements along with
the creation of stacks. This calibrated data is now subdhitiea science pipeline, aka the Tier 2
pipeline. This pipeline, for the single filter dataset, tesacatalogs or special versions of the data
products.

The final stages of the FTR pipeline are the same as descobdidef CAL pipeline. The data
products are created, archived, and a summary report dregtine DPS and EDP pipeline. This
is followed by the DTS pipeline which does the final dispasitof the data. In this example let’s
say the data products are put in a Pl ftp area as well as bethgyad. The FTR pipeline deletes
all remaining files produced by itself and children.

7.5 On-sky Guided Exposures

After the TOP pipeline has completed the static exposurdsghware processed first in order
to derive dark sky calibrations, the guided exposures abendted to the FTR pipeline. In our
example there is only dataset7 consisting of 5 dithered ®x@s from night 2 in field 2 taken in
the B filter.

The FTR pipeline submits each exposure in parallel to the BiyBline. Each EXP pipeline
further parallelizes the processing to individual OTAseTimocessing in the OTA pipeline differs
from the static exposure processing in three significanswae first is convolving (as appropri-
ate) the calibration images from the calibration librarythg shift history of the exposure. The
second is that the OTA pipeline also applies any dark skypaions available in the calibration
library. Finally, after all the calibrations are completettluding the astrometric calibration done
in the same way as for static exposures, the OTA data is rdedrfgr stacking and standard ori-
entation data products. The data flow for the guided expsdarmore streamlined since all the
calibration operations are performed in the OTA pipelinékenfor static exposures where they
are performed in the SKY pipeline.

Once the EXP pipeline is completed for each exposure in egtdee remainder of the data
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Figure 6: Pipeline Monitor Snapshot

flow is the same as for the static exposures. This means stackihe STK pipeline, since the
observations consist of a five pointing dither, Tier 2 praags, and creating and disposing of data
products and intermediate files.

7.6 Finishing up in the TOP pipeline

When the TOP pipeline has processed all the data in the atigataset of 85 exposures it does a
final clean up. This mostly consists of removing the raw datanfthe staging area(s) and removing
the internal files it generated. As the final step it sendsrzesip whatever agent called it, let us say
by a Pipeline Scheduling Agent (PSA), that the dataset wesh&d. The PSA records completion

of the dataset and sends another dataset to the TOP pipelmet§ database of programs.

7.7 Example Pipeline State

Figure 6 provides another way to represent the data flow aDfepipeline. This shows the state
of the pipeline at a particular instant as visualized by gogpipeline monitor from the MOSAIC
pipeline. This figure is a mock-up produced by sending statessages as if the ODI pipeline was
actually running. The monitor is set to only show active OBlasets for OTAs 01 and 02 running
on cluster nodes pipen04 and pipen05. There is a lot of irdtion encoded in this display. The
salient feature we consider here is the relationship betweepipelines and datasets.

Each line in the monitor describes the state of a unique eabasng processed by a pipeline
instance on a node. The whitespace delimited fields are tlasetaname, the pipeline identifier,
the node name, and the status flags for the stages in ther@peli

The dataset names can be arbitrary but generally follow @ssdion that is easily interpretable
by the operator. The convention here expands the top letatelaname with information about
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the pipeline hierarchy. Each hyphen delimited elementsstaith the pipeline identifier followed
by a dataset identifier. For example

ODI 10B_20101027_776f 008-ftr| - expodi 20101029T034139- ot aot a07

is a dataset from the OTA pipeline working on OTAQ7, which suapipeline of the EXP pipeline
operating on exposure 0di20101029T034139, which is paahdfband dataset being processed
by the FTR pipeline. The TOP pipeline dataset is from a bldekghts beginning on 2010-10-27.

This example shows a TOP pipeline calling parallel FTR piyeed for all the filters in the block
of nights. Two subsets from the | filter are active. Each ofRAi® pipelines has called instances
of the EXP pipeline for each exposure. Three EXP pipelinesaative on the two nodes being
displayed; other nodes are also active but not shown. Edule@&xposure has been decomposed
in 64 OTAs, each submitted to instances of the OTA pipelirteer@ are two active OTA pipelines
for each EXP pipeline are shown from the displayed clustdeso

The last part of each line shows the state of each stage ingbbne; where some of the states
are 'p’ for processing, 'c’ for completed, 'w’ for waitingna 'e’ for error. The first letter is for the
pipeline as a whole and the others are for individual sta@eg. point to notice is that there are no
more than two 'p’ stage states. This is the parallelizationiting described earlier.

8 Conclusions

There are a number of conclusions which we have tried to gonve

e The computational modules are mostly straightforward ansl the higher level data flow
design which is the main challenge for a a high performangelipie.

e How datasets are decomposed, distributed, and paratlgiizachieve high performance is
subtle and places requirements on a pipeline frameworkrzkegimple job queuing.

e The experience with the NOAO MOSAIC pipeline can stronglfiprm the design and oper-
ation of the ODI pipeline.

e The ODI pipeline can be efficiently implemented making usen&astructure and pipeline
application components already developed at NOAO.
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