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Abstract. The y ourSkyG custom astronomical image mosaic king soft w are has a w eb p ortal in terface that allo ws custom access

via ordinary desktop computers with lo w bandwidth net w ork connections to high p erformance mosaic king soft w are deplo y ed on a

computational grid, suc h as NASA's Information P o w er Grid (IPG). In this con text, custom access refers to on-the-�y mosaic king

to meet user-sp eci�ed criteria for region of the sky to b e mosaic k ed, data sets to b e used, resolution, co ordinate system, pro jection,

data t yp e and image format. The p ortal uses pip elines and data cac hes to construct m ultiple mosaics on the grid with high

throughput.
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1. In tro duction. In recen t y ears the Astronom y comm unit y has witnessed rapid gro wth in the size and

complexit y of astronomical data sets due to rapid adv ances in remote sensing tec hnology . The massiv e data sets

that no w exist collectiv ely con tain tens of terab ytes of imagery and catalogs in w a v elengths spanning the en tire

electromagnetic sp ectrum. Although this ric h data store represen ts a signi�can t opp ortunit y for new scien ti�c

disco v eries, it also represen ts a serious c hallenge to the comm unit y: Ho w do es one e�ectiv ely and e�cien tly

extract information from suc h a large and complex collection of data? The National Virtual Observ atory

(NV O) [1, 2, 3 ] is addressing this question in the United States and similar e�orts exist elsewhere in the w orld

[4, 5 , 6 , 7 ]. Man y of the these virtual observ atory pro jects are co op erating to ensure that they remain in tegrated

and in terop erable via the In ternational Virtual Observ atory Alliance (IV O A) [8 ].

As a comm unit y e�ort, the virtual observ atory necessarily exhibits a lo osely coupled, distributed arc hitec-

ture, with an emphasis on in terop erabilit y b et w een comp onen ts dev elop ed and deplo y ed b y domain exp erts in

v arious areas. Since man y of these comp onen ts require an enormous amoun t of computation and data mo v emen t,

the NV O needs to b e deplo y ed in a distributed, high p erformance, scalable computing en vironmen t. Ho w ev er,

a signi�can t fraction of astronomical researc h is conducted b y scien tists and studen ts with limited resources,

ordinary desktop computers and lo w bandwidth net w ork connections. Therefore, to b e e�ectiv e the NV O also

needs to pro vide p ortals to its high p erformance infrastructure that will mak e it usable b y researc hers an ywhere.

1.1. Grid Computing in Astronom y . The emergence of the virtual observ atory concept coincides with

the maturation of computational grids as a viable arc hitecture for high-p erformance or data-in tensiv e, dis-

tributed computations. The fundamen tal computational grid infrastructure includes b oth hardw are-distributed,

p ossibly heterogeneous pro cessors in terconnected b y net w orks�and soft w are to launc h remote computations and

to transp ort data to the pro cesses that require them. The fundamen tal soft w are infrastructure, pro vided b y

the Globus T o olkit, is what mak es a collection of distributed computational resources in to a functional com-

putational grid, pro viding users with a single p oin t of authen tication for sim ultaneous access to all of the grid

resources. In the grid dev elopmen t comm unit y , researc h is ongoing to bring in to pro duction more sophisticated

grid soft w are, la y ered on top of Globus, to pro vide additional functionalit y suc h as job monitoring, c hec kp oin ting,

stop and restart, error reco v ery , planning, and sc heduling.

The researc h describ ed in this pap er w as conducted in 2002-2003, at whic h time the NV O w as in its early

stages and application of grid tec hnology to astronomical researc h w as v ery limited. A t this time, a n um b er

of imp ortan t w eb-based systems w ere instan tiated, whic h serv e as a mo del for the grid-based and w eb-based

arc hitectures prev alen t to da y .

A n um b er of pro jects used grid computing to allo w science users around the w orld to access computational

soft w are o v er the In ternet. The main adv an tage is that deplo ying these algorithms as grid and w eb services

mak es them accessible to science users with limited resources and only ligh t w eigh t computers and net w ork

connections. One example of this is the Hera arc hitecture [9], whic h mak es it p ossible to run the High Energy

Astroph ysics Science Arc hiv e Researc h Cen ter (HEASAR C) data analysis soft w are at NASA's Go ddard Space

Fligh t Cen ter (GSF C) on a remote serv er via a simple graphical in terface. Astro comp [10 ] is a w eb p ortal
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for access to soft w are for N-b o dy sim ulations. Similarly , the y ourSky w eb p ortal [11 ], describ ed in this pap er,

pro vides remote access to JPL's parallel astronomical image mosaic king soft w are via a simple w eb form in terface.

The eST AR Pro ject [12 ] is an in telligen t rob otic telescop e net w ork that connects in telligen t agen ts to

telescop es and databases through grid and w eb services. This is an example of ho w grid computing is applied

to science activities lik e Gamma-Ra y Burst follo wup observ ations and the h un t for planets outside our solar

system.

The Sloan Digital Sky Surv ey (SDSS) w as an early adopter of w eb services tec hnologies to facilitate access

to large astronomical datasets. SDSS used man y of the same tec hnologies that are prev alen t to da y in w eb-based

commerce, including SO AP (Simple Ob ject A ccess Proto col), XML (Extensible Markup Language), and WSDL

(W eb Service Description Language), to build services for resource disco v ery , data mining, visualization, and

statistical analysis. The SkyQuery [13 , 14 ] p ortal w as implemen ted for SDSS using this w eb services arc hitecture.

A n um b er of pro jects related to virtual observ atories are fo cused on using grid and w eb services tec hnology

to access m ultiple datasets (images and catalogs) from di�eren t arc hiv e cen ters and merge them to pro vide ric her

information con ten t than is a v ailable from an y of the datasets alone. This t yp e of in terop erabilit y concept is

demonstrated in the Aladin/GLU system [15 ], the Europ ean Space Agency (ESA) science arc hiv es [16 ], the

Smithsonian Astroph ysical Observ atory (SA O) sp ectral arc hiv es [17 ], the Astroph ysical Virtual Observ atory

(A V O) in terop erabilit y protot yp e [18 ], the On-Line Arc hiv e Science Information Services (O ASIS) [19 ], and

Grist (Grid Services for Astronom y) pro jects [20]. The Uni�ed Con ten t Descriptor (UCD) [21 ] prescrib es a

naming sc heme for astronomical catalogs in order to facilitate this t yp e of in terop erabilit y .

NASA's Information P o w er Grid (IPG) pro vided the grid infrastructure used in this w ork.

1

The IPG con-

nected SGI Origin serv ers and Lin ux clusters distributed at NASA cen ters nation wide. The National Science

F oundation (NSF) also sp onsors a computational grid called the T eraGrid, whic h, at the time the researc h

rep orted in this pap er w as conducted, link ed together large Lin ux clusters at �v e sites, California Institute of

T ec hnology , San Diego Sup ercomputer Cen ter, Argonne National Lab oratory , National Cen ter for Sup ercom-

puting Applications, and Pittsburgh Sup ercomputing Cen ter. By Septem b er 2004, additional T eraGrid cen ters

w ere added, including Indiana Univ ersit y , Oak Ridge National Lab oratory , Purdue Univ ersit y , and T exas A d-

v anced Computing Cen ter, for an aggregate pro cessing p o w er of 40 tera�ops, with 2 p etab ytes of disk storage,

all in terconnected with a 10-30 gigabits p er second dedicated national net w ork [22 ].

1.2. Image Mosaic king in Astronom y . The mosaic king describ ed in this pap er in v olv es repro jecting

input image plates to a common co ordinate system, pro jection, equino x, and ep o c h, and com bining the resulting

plates to pro duce a single output image. There are strong science driv ers for mosaic king. The most ob vious is

that large image mosaics enable analysis of celestial ob jects that either do not �t on a single image plate in the

nativ e image partitioning sc heme used b y a surv ey , or fall at the b oundary b et w een t w o or more neigh b oring

plates. Also, mosaics enable analysis of the large-scale structure of the univ erse. In addition, mosaic king

data sets in di�eren t w a v elengths or from di�eren t surv eys to the same co ordinate grid enables m ulti-sp ectral

analysis, whic h could b e essen tial for iden tifying new, previously unkno wn, t yp es of ob jects, or for iden tifying

new ob jects that are so fain t in a single w a v elength that they are o v erlo ok ed un til com bined with the signals

from other w a v elengths.

A n um b er of soft w are pac k ages exist that can b e used to construct astronomical image mosaics. This pap er

describ es the y ourSky soft w are and its usage on the IPG. The y ourSky soft w are is the baseline for Mon tage

[23 , 24 ], a general science-grade astronomical image mosaic king to olkit that preserv es b oth astrometry (ob ject

p ositions) and photometry (brigh tnesses) in the images. The Mon tage soft w are w as deplo y ed as a service on

the T eraGrid using a sc heduler called P egasus [25 , 26 ] and Condor D A GMAN [27 ] to launc h the computations

on the grid in a manner that preserv es all of the dep endencies. Other notable astronomical mosaic king pro jects

include SW arp [28 ] from the F renc h TERAPIX cen ter and MOPEX [29] from the Spitzer Science Cen ter at

Caltec h.

1.3. F rom y ourSky to y ourSkyG. In this pap er, w e describ e y ourSky and y ourSkyG, p ortals for high-

p erformance, on-demand, astronomical image mosaic king. Both y ourSky and y ourSkyG can p erform their high

p erformance computations and data mo v emen t on con v en tional sup ercomputers, but y ourSky requires use of

a lo cal m ultipro cessor system, while y ourSkyG is capable of launc hing its computations on remote computers

organized in a computational grid suc h as the IPG. A k ey c haracteristic of the p ortal arc hitecture is that the

1
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data mo v emen ts required to construct a requested mosaic and the actual lo cation where the computations are

carried out are transparen t to the user who simply orders his mosaic b y sp ecifying the parameters that describ e

the mosaic. Regardless of where the computations are p erformed, these p ortals are accessible via ligh t w eigh t

clien t soft w are�the ubiquitous w eb bro wser. The arc hitecture of y ourSkyG is motiv ated b y the lo osely-coupled,

distributed nature of b oth the NV O and IPG infrastructures.

The y ourSkyG p ortal is optimized for e�cien t pro cessing of mosaic ensembles , m ultiple mosaic requests

to b e pro cessed together. This mo de of pro cessing can dramatically impro v e throughput b y (i ) reducing the

amoun t of data comm unication in cases where m ultiple mosaics require the same input image plates, and (ii )
p erforming computation and comm unication for di�eren t mosaics in parallel where p ossible. F urthermore, w e

in tro duce the concept of data r eservoirs , carefully managed data cac hes main tained at eac h stage of the data

�o w pip eline that ha v e the e�ect of smo othing out v ariations in throughput as the a v ailabilit y of and load on

shared grid resources c hange o v er time.

The arc hitecture of y ourSky is summarized in Section 2. Enhancemen ts required to pro duce y ourSkyG,

running on the IPG, are describ ed in Section 3. Optimizations for pro cessing m ultiple mosaic requests are

describ ed in Section 4. P erformance results are pro vided in Section 5. Finally , a summary is pro vided in

Section 6.

2. The y ourSky P ortal. The only clien t soft w are required to use the y ourSky custom astronomical image

mosaic serv er is the ubiquitous w eb bro wser. By �lling out and submitting the request form, users ha v e custom

access on their desktop to all of the publicly released data from the mem b er surv eys. In this con text, �custom

access� refers to new tec hnology that enables on-the-�y astronomical image mosaic king to meet user-sp eci�ed

criteria for region of the sky to b e mosaic k ed, data set to b e used, resolution, co ordinate system, pro jection,

data t yp e, and image format. All mosaic requests are ful�lled from the original arc hiv e data so that the domain

exp erts main tain con trol and resp onsibilit y for their data and data corruption due to resampling is minimized

b ecause only one repro jection is done from the ra w input data. Curren tly the data arc hiv es that are accessible

with y ourSky are the Digitized P alomar Observ atory Sky Surv ey (DPOSS) [30 ] and the T w o Micron All Sky

Surv ey (2MASS) [31]. DPOSS has captured the en tire northern Sky at 1 arc second resolution in three visible

w a v elengths. 2MASS has captured the en tire sky at 1 arc second resolution in three infrared w a v elengths.

The y ourSky arc hitecture supp orts expansion to include other surv eys, without regard to the nativ e image

partitioning sc heme used b y a particular surv ey .

2.1. Arc hitecture. The arc hitecture for y ourSky is illustrated in Fig. 2.1. In the �gure, the n um b ered

descriptions on some of the arro ws giv e the steps tak en to ful�ll a t ypical mosaic request. The pro cedure is as

follo ws. The clien ts at the top left of the illustration are the w eb bro wsers that ma y b e used to submit requests

to y ourSky . A simple HTML form in terface, sho wn in Fig. 2.2, is used to sp ecify the parameters that are

to b e passed to the custom astronomical image mosaic king soft w are. The mosaic king soft w are and the mosaic

parameters are describ ed in detail in Section 2.2. The y ourSky Mosaic Request Manager running on the y ourSky

serv er c hec ks for mosaic requests and hands them o� to the Mosaic Request Handler, using the user priorit y

sc heme describ ed in Section 2.3. The Mosaic Request Handler queries the Plate Co v erage Database, describ ed

in Section 2.4, to determine whic h input image plates from DPOSS or 2MASS are required to ful�ll the mosaic

request. A �xed size data cac he is main tained on the y ourSky serv er to store the input image plates required

to build recen t mosaic requests. If all of the required input image plates are already presen t lo cally in the

data cac he, the mosaic is constructed immediately using the custom astronomical image mosaic king soft w are.

If some of the required input image plates are not already cac hed lo cally , they need to b e retriev ed from their

resp ectiv e arc hiv es. Therefore an �arc hiv e request� is issued. The y ourSky Arc hiv e Request Manager c hec ks for

arc hiv e requests and hands them o� to the Arc hiv e Request Handler, whic h retriev es the required input image

plates from the appropriate remote arc hiv e. Once all of the input image plates for a request ha v e b een cac hed

on a lo cal disk, the custom astronomical image mosaic king soft w are is launc hed to construct the mosaic. When

the mosaic, built precisely to matc h the user's request parameters, is ready an email is sen t bac k to the user

with the URL where the image mosaic can b e do wnloaded.

2.2. Custom Astronomical Image Mosaic king Soft w are. The heart of the y ourSky serv er is the

custom astronomical image mosaic king soft w are that is used to construct an image mosaic precisely matc hing

user-sp eci�ed parameters. The inputs to the mosaic king soft w are are a list of input images to b e mosaic k ed and

the custom parameters that determine the prop erties of the mosaic to b e constructed. The only requiremen ts on

the input images are the follo wing. First, they m ust comply with the standard dictated b y the Flexible Image
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Fig. 2.1 . The ar chite ctur e of yourSky supp orts ful ly automate d mosaicking, including r etrieval of the input image plates fr om

the r emote survey ar chives.

Fig. 2.2 . The yourSky custom mosaic web form interfac e.

T ransp ort System (FITS), a data format that is w ell understo o d b y the astronom y comm unit y and has long b een

used as the de facto metho d for sharing data within the comm unit y [32 ]. FITS format images encapsulate the



y ourSkyG: Large-Scale Astronomical Image Mosaic king on the Information P o w er Grid 63

image data with k eyw ord-v alue pairs that giv e additional information ab out ho w the data v alues in the image

map to lo cations on the sky . The second requiremen t for input images to the mosaic king soft w are is that the

FITS header m ust con tain v alid W orld Co ordinate System (W CS) information. The W CS de�nes pixel-to-sky

and sky-to-pixel co ordinate transformations for a v ariet y of co ordinate systems and pro jections commonly used

b y the astronom y comm unit y [33 ].

2.2.1. Custom A ccess. With y ourSky , the emphasis is on custom access to astronomical image mosaics.

The follo wing parameters ma y b e used to sp ecify the mosaic to b e constructed:

1. Cen ter righ t ascension and declination: Required parameters, analogous to the CR V AL1 and CR V AL2

FITS k eyw ords, whic h sp ecify the lo cation on the celestial sphere of the tangen t p oin t for the image

pro jection plane. By default, this cen ter of pro jection is placed at the cen ter pixel in the mosaic,

analogous to the CRPIX1 and CRPIX2 FITS k eyw ords.

2. Resolution: Required parameters, analogous to the CDEL T1 and CDEL T2 FITS k eyw ords, whic h

sp ecify the pixel size in degrees in eac h of the t w o image dimensions at the mosaic cen ter of pro jection.

3. Radius in degrees: Optional parameter that limits the mosaic size using degrees from the mosaic cen ter.

If not sp eci�ed, the radius is determined automatically from the region of co v erage of the input image

plates.

4. Width and heigh t in pixels: Optional parameters, analogous to the NAXIS1 and NAXIS2 FITS k ey-

w ords, that limit the mosaic size using a sp eci�c n um b er of pixels. These parameters sup ersede the

radius in degrees if that is giv en as w ell. If not sp eci�ed, the size is determined automatically from the

region of co v erage of the input image plates.

5. Co ordinate system: Required parameter, analogous to the �rst half of the CTYPE1 and CTYPE2 FITS

k eyw ord v alues, that sp eci�es the alignmen t of the mosaic axes in 3-D space. F our co ordinate systems

are supp orted: galactic, ecliptic, J2000 equatorial, and B1950 equatorial.

6. Pro jection: Required parameter, analogous to the second half of the CTYPE1 and CTYPE2 FITS

k eyw ord v alues, that sp eci�es ho w lo cations on the celestial sphere are mapp ed to the image pro jection

plane. All of the pro jections sp eci�ed b y W CS are supp orted: Linear (LIN), Gnomonic (T AN), Or-

thographic (SIN), Stereographic (STG), Zenithal/Azim uthal P ersp ectiv e (AZP), Zenithal/Azim uthal

Equidistan t (AR C), Zenithal/Azim uthal P olynomial (ZPN), Zenithal/Azim uthal Equal Area (ZEA),

Airy (AIR), Cylindrical P ersp ectiv e (CYP), Cartesian (CAR), Mercator (MER), Cylindrical Equal

Area (CEA), Conic P ersp ectiv e (COP), Conic Equidistan t (COD), Conic Equal Area (COE), Conic

Orthomorphic (COO), Bonne (BON), P olyconic (PCO), Sanson-Flamsteed Sin usoidal (SFL), P arab olic

(P AR), Hammer-Aito� (AIT), Mollw eide (MOL), COBE Quadrilateralized Spherical Cub e (CSC),

Quadrilateralized Spherical Cub e (QSC), T angen tial Spherical Cub e (TSC), Digitized Sky Surv ey Plate

Solution (DSS), and Plate �t p olynomials (PL T).

7. Image F ormat: Required parameter that sp eci�es the output mosaic image format (FITS is recom-

mended). The follo wing image formats are curren tly supp orted: FITS, JPEG, PGM, PNG, TIFF, and

Ra w Data.

8. Data T yp e: Required parameter that sp eci�es the data t yp e of the mosaic pixels. This is analogous

to the BITPIX FITS k eyw ord. The data t yp es curren tly supp orted are 8-, 16-, and 32-bit signed and

unsigned in teger, and single and double precision �oating p oin t.

9. Quan tization Extrema: Optional parameters that sp ecify the minim um and maxim um o v er whic h to

stretc h the input pixel v alues for those data t yp es that require quan tization to a limited n um b er of

output bits p er pixel (esp ecially , 8-bit and 16-bit in tegers). The user can sp ecify these v alues to con trol

ho w man y gra y lev els in the output mosaic are assigned to lo w or high in tensit y regions of the sky .

10. Pixel Masks: Optional masks ma y b e sp eci�ed to discard pixels around the outer p erimeter or from

particular rectangular regions in eac h input image.

11. Bac kground Matc hing: Logical parameter that sp eci�es whether or not y ourSky should attempt to

matc h the bac kground in tensities among the input images that comprise a mosaic in an attempt to

pro duce a mosaic that is as seamless as p ossible.

2.2.2. P arallel Mosaic king Algorithm. The y ourSky mosaic king algorithm is designed to b e able to

handle arbitrarily sized mosaic requests from t ypical small requests co v ering a single celestial ob ject to all-

sky mosaics at full resolution. Also, the algorithm is e�cien t in the face of arbitrarily sized input image

plates, so that y ourSky can b e extended to supp ort other image arc hiv es without consideration of the na-
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tiv e image partitioning sc heme used b y the arc hiv e. F or example, the t w o surv eys curren tly accessible b y

y ourSky ha v e drastically di�eren t nativ e image partitioning sc hemes, from millions of small 2 MB image

plates in the case of 2MASS to thousands of m uc h larger 1 GB plates in the case of DPOSS. In addition,

the mosaic king algorithm is designed to supp ort arbitrary mappings from input image pixels to output mosaic

pixels.

The mosaic king pro ceeds in t w o phases, Analysis and Build. During Analysis, the follo wing is accomplished.

First, the mosaic width and heigh t are determined if they are not pro vided explicitly as part of the user-sp eci�ed

parameter set. Second, the pixel co ordinates that in tersect the mosaic are determined for eac h input image

along with the corresp onding in tersection co ordinates from the mosaic. These co ordinates are used to set lo op

b ounds and bu�er sizes during the Build phase. Third, in cases where the data t yp e requires quan tization to a

limited n um b er of output bits p er pixel in the output mosaic (e.g., 8-bit and 16-bit in tegers), the minim um and

maxim um o v er whic h the pixel v alues should b e quan tized are determined if these extrema are not sp eci�ed

explicitly as part of the user-sp eci�ed parameter set. F ourth, if bac kground matc hing is to b e done, the in tensit y

correction for eac h input image plate is determined.

During the Build phase the information gathered during Analysis is used to construct the custom mosaic.

If the mosaic is to b e lo w er resolution than the input image plates, the outer lo op is o v er the input image pixels

and the mosaic pixel v alues are calculated as the a v erage of the input pixels for whic h the pixel cen ter falls

within the mosaic pixel region of co v erage. If the mosaic is to b e roughly the same or higher resolution than

the input image plates, the outer lo op is o v er the mosaic pixels and the mosaic pixel v alues are computed to b e

the result of sampling from the input images using bilinear in terp olation. In either case, mapping from input

pixel co ordinates to output pixel co ordinates is done b y �rst mapping from input pixels to a lo cation on the

sky , then mapping from the sky co ordinates to the output pixel co ordinates, as illustrated in Fig. 2.3.

Input Image Plates Output Mosaic

(xi,yi) (xo,yo)(RA,Dec)

1. Map input pixel coordinates (xi,yi) 
to sky coordinates (RA,Dec). 

2. Map sky coordinates (RA,Dec) to 
output pixel coordinates (xo,yo). 

Fig. 2.3 . Mapping fr om input pixel c o or dinates to output pixel c o or dinates is done in two steps. First, the input c o or dinates

ar e mapp e d to a p osition on the sky, then that p osition on the sky is mapp e d to the output mosaic c o or dinates.

The mosaic king pro ceeds in parallel during b oth Analysis and Build, with eac h pro cessor b eing assigned

a subset of the input image pixels. By default the input images are assigned to pro cessors in a round robin

fashion, with one pro cessor p er image, but the user can recon�gure this at run-time b y sp ecifying the n um b er

of pro cessors to b e assigned to eac h input image. Assigning m ultiple pro cessors to eac h input image plate

dramatically impro v es e�ciency for arc hiv es, suc h as DPOSS, that ha v e suc h large image plates that only a

single or a few input image plates are required for a t ypical mosaic request. If m ultiple pro cessors are assigned

to eac h input image, a group sync hronization among the pro cessors assigned to the same image is required for

eac h image so that Analysis results can b e accum ulated and shared. Also, in all cases, a global sync hronization

is required b et w een the Analysis and Build phases so that Analysis results that relate to the en tire mosaic, suc h

as pixel v alue distributions required to calculate the appropriate quan tization extrema, can b e accum ulated and

shared. The soft w are should b e p ortable b ecause it is written in ANSI C and all in ter-pro cessor comm unication

and sync hronization is done using Message P assing In terface (MPI), whic h has b een implemen ted on man y

platforms [34 ].

2.2.3. Sample Mosaics. Some sample image mosaics, constructed with the y ourSky custom image mo-

saic king soft w are, are sho wn in Figs. 2.4, 2.5 and 2.6.
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Fig. 2.4 sho ws a full 90 arc second resolution, all-sky , 14; 400� 7; 200 pixel mosaic constructed from 430

Infrared Astronomical Satellite (IRAS) [35 ] image plates in eac h of 4 w a v elengths, 12, 25, 60, and 100 � m.

High p erformance exploration of this and other large data sets is p ossible using visualization soft w are dev elop ed

previously at JPL [36 ], [37 ].

Fig. 2.4 . IRAS al l-sky mosaic in the Cartesian (CAR) pr oje ction at 90 ar c se c ond r esolution, c onstructe d fr om 430 IRAS

image plates in e ach of four wavelengths. The ful l r esolution mosaic is 14400 � 7200 pixels.

Fig. 2.5 sho ws a cen ter of the galaxy mosaic from the 2MASS H band ( 1:65� m w a v elength) b efore and

after bac kground matc hing is p erformed. The strip ed app earance without bac kground matc hing is primarily

due to atmospheric e�ects that b ecome more pronounced as the path length through the atmosphere gets

longer at di�eren t lo ok angles. The bac kground matc hing algorithm used b y y ourSky results in a more seamless

mosaic, but edge e�ects are still visible. The Mon tage algorithms, describ ed earlier, can b e used to impro v e

this bac kground matc hing algorithm further.

(a) (b)

Fig. 2.5 . 2MASS H b and ( 1:65� m wavelength) c enter of the galaxy mosaic c onstructe d fr om 16 2MASS image plates at 1

ar c se c ond r esolution (a) without and (b) with b ackgr ound matching.

Fig. 2.6 sho ws a DPOSS F band (650 nm w a v elength) mosaic of M31 in a Galactic T angen t Plane pro jection.

The mosaic sho wn in the �gure is the cen ter part of a larger 34; 816 � 36; 352 single precision �oating p oin t

mosaic constructed from 9 DPOSS plates at full 1 arc second resolution.
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Fig. 2.6 . DPOSS F b and (650 nm wavelength) mosaic of A ndr ome da (M31) at 1 ar c se c ond r esolution. The image shown

her e is the c enter of a much lar ger mosaic c onstructe d fr om 9 DPOSS plates.

2.3. Request Managemen t. Sim ultaneous mosaic requests are accepted from a simple HTML form

submitted from the y ourSky mosaic request w eb page, and queued on the y ourSky serv er b y a Common Gatew a y

In terface (CGI) program in terfacing with the Apac he w eb serv er. The mosaic parameters for eac h request are

stored on the y ourSky serv er along with the iden tit y of the user that submitted the request. The y ourSky

Mosaic Request Manager, sho wn in the arc hitecture diagram in Fig. 2.1, needs to lo cate these mosaic requests

and assign them one at a time to the Mosaic Request Handler. A user priorit y sc heme is in place that starts o�

all users with equal priorit y . As requests are pro cessed the user priorities c hange based on the n um b er of mosaic

pixels pro duced b y eac h user in the past p erio d referred to as the �priorit y windo w�, curren tly set to 1 w eek.

Users with the least n um b er of mosaic pixels pro duced in the priorit y windo w p erio d ha v e highest priorit y for

future mosaic requests. F urthermore, a mosaic request in progress that has had to w ait for input image plate

retriev al from a remote arc hiv e gets the highest priorit y to run next once all of the required input images ha v e

b een retriev ed. This ensures that all users get a c hance to ha v e their mosaic constructed and no single user will

dominate all the a v ailable resources.

2.4. Plate Co v erage Database. In order to b e accessible b y y ourSky , all mem b er surv eys ha v e to

b e included in the Plate Co v erage Database that con tains the minima and maxima of the longitudes (righ t

ascensions) and latitudes (declinations) in eac h of the supp orted co ordinate systems for all of the input image

plates. The y ourSky Mosaic Request Handler queries this database to determine whic h input image plates are

needed to ful�ll eac h mosaic request. The op en source database, MySQL, is used to store this plate co v erage

information [38 ], [39 ]. The result of the query to the Plate Co v erage Database is a list of the input image plates

that are required to ful�ll the mosaic request. These input image plates are retriev ed from the appropriate

remote arc hiv es, staged in a lo cal data cac he, and pro vided as an input to the image mosaic king soft w are

describ ed in Section 2.2. The plate co v erage database is also a v ailable as a stand-alone service, called the

y ourSky Arc hiv e Database Query .

2.5. Data Managemen t. A data managemen t sc heme is implemen ted on the y ourSky serv er to manage

b oth a data cac he for the input image plates, used to ful�ll recen t mosaic requests, and a w ork area, used to

store recen tly constructed mosaics un til they are do wnloaded.

The input data cac he is main tained at a �xed size with image plates discarded on a least recen tly used basis.

This enables mosaics to b e recomputed with some c hanges to the custom request parameters without ha ving to

rep eat the input image plate retriev al from the remote arc hiv es if the new request is resubmitted b efore the input

images are purged from the cac he. Also, mosaics of p opular regions of the sky are lik ely to ha v e their input image

plates already cac hed on the y ourSky serv er from previous requests, so they can b e constructed more quic kly .
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Mosaics that ha v e b een completed are stored in a w ork area from whic h they ma y b e do wnloaded b y the

appropriate users. Curren tly mosaics are purged after a 1 w eek p erio d expires.

2.6. Data Arc hiv e A ccess. All of the publicly released data from t w o arc hiv es are curren tly accessible

b y y ourSky , the Digitized P alomar Observ atory Sky Surv ey (DPOSS) and the T w o Micron All Sky Surv ey

(2MASS) Second Incremen tal Data Release (2IDR).

DPOSS has captured nearly the en tire northern sky at 1 arc second resolution in three w a v elengths, 480 nm

(J Band�blue), 650 nm (F Band�red), and 850 nm (N Band�near-infrared). The surv ey data w ere captured

on photographic plates b y the 48-inc h Osc hin T elescop e at the P alomar Observ atory in California [30 ]. The

total size of the DPOSS data accessible b y y ourSky is roughly 3 TB, stored in o v er 2,600 o v erlapping image

plates on the High P erformance Storage System (HPSS) [40 ] at the Cen ter for A dv anced Computing Researc h

(CA CR) at the California Institute of T ec hnology . The DPOSS plates are eac h ab out 1 GB in size and con tain

23; 552 � 23; 552 pixels co v ering a roughly 6:5 � 6:5 degree region of the sky . The y ourSky serv er uses a clien t

program called the Hierarc hical Storage In terface (HSI) to retriev e selected DPOSS plates in batc h mo de from

the HPSS [41 ].

2MASS has captured nearly the en tire sky at 1 arc second resolution in three near-infrared w a v elengths,

1:25� m (J Band), 1:65� m (H Band), and 2:17� m ( K S Band). The surv ey data w ere captured using t w o 1.3

meter telescop es, one at Mt. Hopkins, AZ and one at the Cerro T ololo In ter-American Observ atory (CTIO)

in Chile [31 ]. The 2MASS arc hiv es con tain roughly 10 TB of images and the subset that w as released as part

of the 2MASS Second Incremen tal Release (2IDR), nearly 4 TB, is fully accessible b y y ourSky . This 4 TB of

data is stored in ab out 1.8 million o v erlapping plates managed b y the Storage Resource Brok er (SRB) at the

San Diego Sup ercomputer Cen ter (SDSC). Eac h 2MASS plate is ab out 2 MB in size and con tains 512 � 1; 024
pixels co v ering a roughly 0:15 � 0:30 degree region of the sky . The SRB is a scalable clien t-serv er system that

pro vides a uniform in terface for connecting to heterogeneous data resources, transparen tly manages replicas of

data collections, and organizes data in to �con tainers� for e�cien t access [42 ]. The y ourSky serv er uses a set of

clien t programs called SRB T o ols to access selected 2MASS plates in batc h mo de from the SRB.

3. F rom y ourSky to y ourSkyG. In Section 2 w e describ ed ho w y ourSky enables custom astronomical

mosaic construction on a lo cal m ultipro cessor system. Here, �lo cal� refers to the fact that the mosaic com-

putations are p erformed on the same mac hine that hosts the w eb serv er. The ob jectiv es of y ourSkyG are (i )
to pro vide the same kind of custom, w eb-accessible mosaic service as y ourSky , but to p erform the compute

in tensiv e p ortions remotely on a grid, and (ii ) to mak e m uc h larger mosaic king jobs feasible b y lev eraging the

computational p o w er of the grid to full adv an tage.

The y ourSkyG p ortal runs on a lo cal grid p ortal system and main tains compliance with grid securit y . It

initiates data transfers to and from, and job executions on, a remote IPG computer. Lo cal securit y rules dictate

that the w eb services o�ered b y y ourSkyG and the grid p ortal ma y not b e hosted on the same system. Instead,

the w eb in terface and Mosaic Request Manager are residen t on a lo cal w eb p ortal system that has no direct

connection to the grid, as illustrated in Fig. 3.1. This w eb p ortal system accepts user requests and stores them

in �les on a lo cal disk that is also accessible b y the grid p ortal system. The y ourSkyG job manager with IPG

authen tication is hosted on the grid p ortal system. P erio dically this job manager c hec ks for mosaic requests.

When a request is found, the job manager do es the follo wing:

1. Retriev e the required input images from the remote sky surv ey arc hiv es

2. Get a grid pro xy in order to authorize grid access

3. Upload the required input images to the target grid system

4. Generate a �le in the Globus Resource Sp eci�cation Language (RSL) that sp eci�es the job to b e run

on the grid

5. Execute this RSL and w ait for the resulting remote grid job to �nish

6. Do wnload the resulting output image

7. Remo v e �les that are no longer needed from the remote grid system

8. Notify the user via e-mail

9. Optionally store the mosaic in an SRB arc hiv e

This arc hitectural c hange successfully separates the grid p ortal from the less secure w eb p ortal, without

requiring signi�can t mo di�cations to the y ourSky arc hitecture. Ho w ev er, this do es requires co ordination b et w een

the w eb and grid p ortals, whic h is accomplished through �les stored on the shared disk.
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Fig. 3.1 . In the yourSkyG ar chite ctur e, ther e is a cle ar sep ar ation b etwe en the lo c al web and grid p ortals and the r emote

grid c ompute system wher e the mosaic pr o c essing is p erforme d. The lo c al grid p ortal c o or dinates the data �ow and r emote job

exe cution.

4. Optimizations for Large-Scale Mosaic Ensem bles. The grid o�ers a w ealth of computational,

storage, and net w orking resources together with a ric h set of to ols for accessing them. The cen tral problem

is ho w to manage all of these resources in order to ac hiev e an acceptable sustained throughput rate. This

resource managemen t problem is not only complex but also dynamic, with resource a v ailabilit y and usage

c hanging o v er time. Resource managemen t is of particular imp ortance for the problem addressed in this pap er,

astronomical image mosaic king, b ecause this is not only a compute in tensiv e task but also a data in tensiv e task.

Not surprisingly , b oth computational resource sc heduling and data comm unication are imp ortan t issues. The

arc hitecture of y ourSkyG addresses this resource managemen t problem in the con text of pro cessing m ultiple

mosaics, i. e., 100 or more mosaics at a time.

The k ey arc hitectural features of y ourSkyG are (i ) state-based data �o w, (ii ) pip eline pro cessing, and

(iii ) data reserv oirs, describ ed b elo w. T ogether these pro duce b ene�cial c haracteristics in y ourSkyG suc h as

con trolled usage of shared grid resources, impro v ed throughput, and a degree of fault tolerance. Throughput

is impro v ed as a result of o v erlapping computation and comm unication, cac hing data close to the pro cessing,

and careful ordering of the mosaics to b e pro cessed to maximize the use of the data cac hes and minimize the

amoun t of comm unication required. The use of a pro cessing pip eline means that man y di�eren t mosaics ma y b e

pro cessed at the same time but at di�eren t phases in the pro cessing sequence. F or example, while one or more

mosaics are b eing computed on the grid, the output from previous mosaic computations can also b e do wnloaded

and the inputs for later mosaics can b e uploaded.

The follo wing pro vides more detail ab out the k ey arc hitectural features of y ourSkyG, as w ell as some

p erformance results summarizing our exp eriences in creating a set of 900 o v erlapping mosaics from DPOSS,

collectiv ely co v ering the en tire northern sky in 6� 6 degree patc hes with 1 arc second sampling. This ensem ble

of mosaics, totaling ab out 1.7 terab ytes p er w a v elength, can b e visualized using an all-sky , w eb-based image

bro wsing service [43 ].

4.1. Ensem ble Request Managemen t. A mosaic ensem ble request is a set of parameters, represen ted

as a set of k eyw ord-v alue pairs, that describ e the mosaics to b e constructed. Some of these parameters apply

to all of the mosaics in the ensem ble, for example, input surv ey and w a v elength, co ordinate system, pro jection,

resolution, width and heigh t in pixels. Others sp ecify the individual mosaics, for example, righ t ascension and

declination of the cen ter.
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P arameters are added to the mosaic ensem ble request in t w o steps. First, the parameters that sp ecify the

input images required to compute eac h mosaic are added. Second, the parameters that sp ecify the grid resources

to b e used in this computation are added. The �nal parameter set con tains all the information required for

computing the mosaics.

4.2. Ordering Mosaic Computations for E�cien t Data T ransp ort. Since large �les m ust b e mo v ed

to and from the remote grid system, data transp ort e�ciency is extremely imp ortan t. In our DPOSS plate

ensem ble example, eac h output DPOSS mosaic is 1.9 GB in size and on a v erage requires pro cessing of 7.6 input

image plates eac h 1.1 GB for an a v erage total transfer of o v er 10 GB. W e ha v e found in this example that

without an adequate data transp ort strategy data transfer time can easily dw arf mosaic computation time.

If the requested mosaics in an ensem ble are lo calized on the sky , some input images ma y b e required for

m ultiple output mosaics. The y ourSkyG p ortal tak es adv an tage of this b y main taining a data cac he of input

images on the target grid system so that these images ma y b e reused whenev er p ossible to reduce the v olume

of data transferred. Moreo v er, the order in whic h the mosaics in an ensem ble are pro cessed is selected to tak e

maxim um adv an tage of the a v ailable data cac he. Returning to our DPOSS plate ensem ble example, a single

mosaic pro cessed b y itself requires on a v erage the transfer of 8.5 GB of input images. Ho w ev er, if an ensem ble

of these mosaics are pro cessed together, taking adv an tage of computation reordering and data cac hing ma y

eliminate up to 85% of the input data transfers.

4.3. State-Based Pro cessing Mo del. Conceptually , the pro cessing of a mosaic job is mo deled as a

sequence of states and state transitions, as illustrated in Fig. 4.1. This mo del has b een implemen ted so that

eac h state is a directory and the ob jects in these states are �les. Eac h state transition is then the mo v emen t

of some �le (ob ject) from its curren t directory (curren t state) to a new directory (new state). The �le that is

mo v ed from state to state ma y b e an input image, an output mosaic, a mosaic job description, or a message of

some kind. A t an y giv en time eac h p ossible state ma y b e o ccupied b y m ultiple ob jects.

An input image mo v es b et w een the states of input_awaiting_ do wnl oa d , input_awaiting_ up loa d , and

input_cached . The input_awaiting_d own lo ad state means that the input image is sc heduled for do wnload

from the remote surv ey arc hiv e. The input_awaiting_ upl oa d state means that the image is sc heduled for up-

load to the remote grid system. The input_cached state means that the input image is preserv ed in a t w o-lev el

cac he, the primary on the remote grid system and the secondary on the lo cal grid p ortal. The secondary cac he is

used to correct data transfer errors to the primary cac he and for reuse with later mosaic ensem ble requests. An

output image mosaic mo v es b et w een the states of output_computed , output_download ed , output_archived ,

output_purged_fro m_ gr id , and output_cached . The transition to the output_purged_fro m_ gr id state

means that �les on the grid that are no longer needed ha v e b een remo v ed to free grid resources for later jobs.

A mosaic ensem ble request is partitioned in to subsets, eac h of whic h is treated as a single batc h job on the

grid, referred to here as a �job�. Eac h job mo v es b et w een the states of job_identifying_ in put s_ fo r_u pl oa d ,

job_awaiting_inpu t_ up loa d , job_ready_to_subm it , job_queued , job_executing , and job_completed .

Up on job completion, a message is sen t bac k to the grid p ortal system that sp eci�es the output �les to b e

do wnloaded, their lo cations on the remote grid system, and their sizes for automated error c hec king.

4.4. Data Flo w Mo del Using Concurren t Async hronous Pro cesses. In the y ourSkyG data �o w

mo del, eac h state transition is implemen ted as a separate pro cess and all of these pro cesses execute asyn-

c hronously . Eac h state transition pro cess executes in its o wn current_state directory , reads eac h �le in that

directory in time order, applies some op eration to that �le, and mo v es it to a next_state directory .

There is no direct comm unication b et w een these pro cesses and no cen tralized con trol. A state transition

pro cess executes whenev er there is data a v ailable and pro cessing o ccurs as rapidly as lo cal resources allo w. An

output from a state transition pro cess b ecomes an input for some other state transition pro cess. The result is

an e�cien t data �o w arc hitecture.

This design has b ene�cial soft w are engineering features. Eac h state transition pro cess is a small mo dule

easily constructed and mo di�ed, and easily inserted or remo v ed from a m uc h larger soft w are structure. Most of

the functions of a state transition pro cess are common among all of these pro cesses and need only b e implemen ted

once and reused.

This �ne-grained arc hitecture pro vides the user a high degree of con trol o v er the executing system. F or

example, one pro cess that app ears to ha v e a problem ma y b e selectiv ely halted for further study while the rest

of the system con tin ues to execute. Halting a pro cess has no serious consequences other than the accum ulation
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Fig. 4.1 . The yourSkyG c omputations to pr o c ess multiple mosaics at a time on the grid c an b e mo dele d as a series of states

and state tr ansitions.

of requests just prior to the inactiv e state transition. When the inactiv e pro cess is restarted, pro cessing returns

to normal.

4.5. Pip eline with Reserv oirs. The global arc hitecture of y ourSkyG is a pip eline created from a sequence

of man y indep enden tly executing state transition pro cesses. Files mo v e through this pip eline accum ulating in

di�eren t �reserv oirs� and, in so doing, ev en out temp orary �uctuations in lo cal throughput. Giv en the data

�o w arc hitecture, it is a straigh tforw ard extension to replicate the y ourSkyG pip eline in to m ultiple pip elines,

executing async hronously , and eac h targeting a di�eren t remote grid system.

A pip eline arc hitecture b y itself has the p oten tial for greatly increased throughput. Ho w ev er, eac h of these

state directories is also a data cac he where �les can accum ulate un til pro cessing resources are a v ailable. Con-

ceptually , eac h of these is a reserv oir. Files accum ulate in a reserv oir when the state transition pro cess follo wing

it is slo w er than the rest of the system and then drain out again when this state transition pro cess sp eeds up

again. As di�eren t resources sp eed up and slo w do wn, b ottlenec ks mo v e around but the reserv oirs smo oth out

temp orary v ariations and main tain a higher throughput rate. Only when the capacit y of a resource is exceeded

do es that part of the pip eline sh ut do wn. F or example, mosaic jobs that are ready to execute accum ulate in

the job_ready_to_su bmi t directory but are only submitted to the batc h queue when the n um b er of mosaic

jobs queued or executing on the remote grid system falls b elo w a sp eci�c v alue. This prev en ts �o o ding the

remote batc h queue whic h w ould in turn blo c k an y other y ourSkyG state pro cess from accessing this resource;

in particular, the state job_awaiting_inp ut _u plo ad w ould b e unable to query for the curren t con ten ts of the
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remote input data cac he and w ould stall. Ho w ev er, ev en when one part of the pip eline sh uts do wn for some

reason, other parts do not. If the remote batc h queue is full, the transfer of input �les from arc hiv e to remote

grid system will con tin ue.

4.6. System Monitoring. W e ha v e found it essen tial to b e able to monitor the functioning of the

y ourSkyG system in order to understand ho w the resources in teract, determine the curren t system p erfor-

mance, and iden tify op erational problems or implemen tation issues. The y ourSkyG arc hitecture mak es this

monitoring relativ ely simple.

Listing the con ten ts of all the state directories pro vides a quic k lo ok at the curren t state of the pip eline. A

b ottlenec k in the system is easily iden ti�ed b y an accum ulation of �les in a state directory and the directory

iden ti�es the particular resource to examine further. Insp ection ma y include sev eral computing systems and

batc h queues but these requests are easily automated.

In order to reco v er ho w the pip eline arriv ed in its curren t state, eac h pro cess writes a log �le to its

current_state directory . Eac h log �le records the name of eac h �le pro cessed, when it w as pro cessed, and the

state transition applied. Redirecting stdout and stderr to the log �le also captures an y program or system

error messages. Log �le generation is one of the y ourSkyG reusable comp onen ts for state transition pro cesses.

Generally , these few simple monitoring tec hniques will iden tify b oth the lo cation and cause of a problem.

If a particular problem is rare, a man ual correction ma y b e adequate. If a problem is c hronic, then some form

of automated error detection and correction ma y b e necessary .

4.7. Automated Error Handling. W e classify error handling in to three sub-categories: detection, man-

agemen t, and correction.

Error handling b egins with detection. In general, the supp orting soft w are used, suc h as the Globus to ols,

will rep ort an error in a w a y that is automatically detectable b y the calling program, usually a return v alue

that lies within a sp eci�c range. Ho w ev er, there remain signi�can t errors that are not rep orted this w a y . F or

example, a �le transfer ma y fail at either end of the transfer route if one of the t w o host systems crashes or

it ma y fail somewhere in the middle if a router malfunctions. The �le ma y b e nonexisten t, zero length, or

truncated at the destination, and that error not rep orted. The y ourSkyG system p erforms an indep enden t

c hec k on a transferred �le to determine not only that the transferred �le exists in its target lo cation but also

that that �le has arriv ed ha ving the correct size. F or example, successful completion of a mosaic computation

on a remote grid system is rep orted b y the transfer of a small message �le bac k to the lo cal y ourSkyG system

con taining a list of the output �les to b e do wnloaded and the �le sizes that should b e exp ected.

After an error has b een detected, it m ust b e managed in some w a y that protects the rest of the system so

that v alidit y of output data is not corrupted but regular pro cessing con tin ues with minimal disruption. This

has b een mo deled and implemen ted as a state c hange; ho w ev er, the new state cannot b e the usual next state

since that w ould indicate success. The preferred solution is to mo v e the �le resp onsible for this error to some

preceding state and ha v e the repro cessing correct the situation; ho w ev er, careful design is required to prev en t

the p ossibilit y of an in�nite lo op. The more common alternativ e has b een to create a fail state as a sub directory

of the state during whic h the error w as detected and the �le resp onsible for the error mo v ed in to this fail state

directory . F or example, if the transfer of a required input data �le to the remote grid system fails, then that

input data �le is mo v ed to the fail sub directory of the curren t state directory , input_awaiting_up lo ad , and

the next input data �le can b e pro cessed. Error correction is left for some other pro cess.

Automatic error correction has b een added to main tain reasonable pro cessing throughput. F or example, the

job_identifying_i np ut s_f or _u plo ad state will c hec k for a required input data �le in the fail sub directory

for the input_awaiting_up lo ad state b efore it attempts to do wnload it again from the remote arc hiv e and

will mo v e this input data �le bac k to the input_awaiting_u pl oa d state for another try . The function of the

job_awaiting_inpu t_ up loa d state is to hold a mosaic job un til it is v eri�ed that all necessary input �les ha v e

b een successfully transferred to the input data cac he on the target grid system. Only then will the job b e mo v ed

to the job_ready_to_subm it state, meaning ready to submit to a batc h queue on the target grid system. The

transfer of input �les is p erformed async hronously b y another pip eline and most mosaic job �les will need to

w ait for these transfers to complete. Ho w ev er, if the job_awaiting_in put _u pl oad pro cess �nds that there is

a required input �le that not only is missing from the input data cac he on the target grid system but also is

missing from the input_awaiting_u pl oad directory , then some error has o ccurred. The automated correction

is to return the mosaic job �le to the job_identifying _i np uts _f or_ up lo ad state for another try .



72 Jacob, et al.

5. P erformance Results. Here, w e pro vide p erformance results when constructing a single mosaic on a

m ultipro cessor system, as w ell as p erformance when constructing man y of these mosaics in a batc h pro cessing

mo de on the grid.

5.1. P erformance on a Single Mosaic. In this section w e sho w timing results for the y ourSky mosaic king

soft w are running on a SGI Origin 2000 with 300 MHz R12000 pro cessors and 512 MB of RAM p er pro cessor.

The �rst test mosaic is a 2 � 2 degree 2MASS mosaic of the galactic cen ter at full one arc second resolution.

The resulting mosaic is 7; 201 � 7; 201 single precision �oating p oin t pixels (207 MB) in size in a Galactic

T angen t Plane pro jection, constructed from 174 2MASS plates totaling 365 MB in size. The second test mosaic

is a 2 � 2 degree DPOSS mosaic of M31 at 10 arc seconds resolution, resulting in a 721 � 721 single precision

�oating p oin t mosaic in the Galactic T angen t Plane pro jection. This 2.1 MB mosaic w as constructed from 2

DPOSS plates (total size 2.2 GB). No bac kground matc hing w as p erformed for this test. Fig. 5.1 sho ws the

w all clo c k time required to construct the mosaics on di�eren t n um b ers of pro cessors on the Origin 2000. F or

the 2MASS mosaic, one pro cessor w as assigned to eac h input image plate, but all the pro cessors w ere assigned

to eac h input image plate for DPOSS. The plot sho ws the scaling curv es for up to 64 pro cessors.
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Galactic Center: 2MASS H, 2x2 deg, 1", Galactic, TA N, float, FITS, 1 processor per image,
no background match, 174 plates in (365 MB), 7201x7 201 pixels out (207 MB).

M31: DPOSS F, 2x2 deg, 10", Galactic, TAN, float, F ITS, all processors per image, no
background match, 2 plates in (2.2 GB), 721x721 pix els out (2.1 MB).

Fig. 5.1 . Mosaicking softwar e p erformanc e on a SGI Origin 2000 for two di�er ent mosaic p ar ameters, a 2 � 2 de gr e e 1

ar c se c ond r esolution mosaic of the galactic c enter in 2MASS with one pr o c essor assigne d to e ach input image plate and a 2 � 2
de gr e e 10 ar c se c ond r esolution mosaic of M31 in DPOSS with al l pr o c essors assigne d to e ach input image plate.

5.2. P erformance on Multiple Mosaics. In this section w e sho w t ypical throughput p erformance for

y ourSkyG generating an ensem ble of 110 DPOSS mosaics. Eac h requested output mosaic is a 6 � 6 degree

pro jection at 1 arc second resolution, resulting in 1.9 gigab ytes p er mosaic with 4 b yte single precision �oating

p oin t pixels. This yields a total size output of 205 gigab ytes for the en tire ensem ble, whic h co v ers ab out 12% of

the northern hemisphere co v ered b y DPOSS. The input image plates are eac h 6:5 � 6:5 degrees at 1 arc second

resolution, resulting in 1.1 gigab ytes p er input plate with 2 b yte in teger pixels. This yields a total size input of

ab out 122 gigab ytes for the en tire ensem ble.

The pro cessing w as automatically partitioned in to 11 separate batc h jobs, eac h computing 10 mosaics. The

plot in Fig. 5.2 sho ws at an y giv en time the p ercen tages asso ciated for eac h of the follo wing v alues: total n um b er

of jobs started (on the lo cal system), total n um b er of input �les transferred to the remote grid system cac he,

total n um b er of jobs submitted to the batc h queue on the remote grid system, and total n um b er of output �les

transferred bac k to the lo cal system. These v alues w ere extracted from the y ourSkyG log �les.

In order to ensure that v aluable computational resources could b e used for other purp oses during data

transfer, a 10-mosaic batc h job w as not sc heduled un til all of the input image plates it requires w ere transferred

to a lo cal disk on the remote grid system. The time from the start of the �rst job on the lo cal grid p ortal to the

return of the �rst output mosaic �le is the time required to initialize the y ourSkyG pip eline, whic h in this case
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Fig. 5.2 . yourSkyG pip eline thr oughput for 110 6 � 6 de gr e e DPOSS mosaics total ling ab out 205 GB in size.

w as 8 hours. The �rst half of this initialization time w as sp en t transferring the input data required for the �rst

10-mosaic batc h job and most of the second half w as sp en t w aiting in a batc h queue on the remote grid system.

Ho w ev er, once the pip eline w as initialized, it returned computed mosaics at an a v erage rate of 5 p er hour or

120 p er da y . This is equiv alen t to a capabilit y of mosaic king the en tire DPOSS data set in ab out a w eek and

the whole sky (b oth hemispheres) in roughly 2 w eeks p er w a v elength at 1 arc second resolution.

This exp erimen t also exercised the fault tolerance of the y ourSkyG pip eline. Our logs indicate that during

the computation of these 110 mosaics there w ere four failed input �le transfers but eac h of these failures w as

automatically detected and corrected without user in terv en tion. This fault tolerance is an essen tial feature for

large scale pro cessing on grids with distributed data arc hiv es and computational resources.

6. Summary . The y ourSkyG p ortal uses the full computational p o w er of the NASA Information P o w er

Grid (IPG) to enable high-p erformance desktop access to custom astronomical image mosaics. The arc hitecture

of the p ortal allo ws it to exploit grid computing infrastructure, sup ercomputers and high bandwidth net w orks, on

the serv er side. Ho w ev er, at the same time it is widely usable from virtually an ywhere b ecause the arc hitecture

also supp orts v ery ligh t w eigh t computing resources on the clien t side, e.g., ordinary desktop computers with lo w

bandwidth net w ork connections. Since the user in terface is a simple w eb form, the only clien t soft w are required

is the ubiquitous w eb bro wser, whic h most of the p oten tial users probably already ha v e and kno w ho w to use.

This com bination of b eing deplo y ed in a high p erformance computing and comm unications en vironmen t while

allo wing access through simple p ortals running on the desktop mak es y ourSkyG a go o d matc h for the lo osely

coupled, distributed arc hitecture of b oth the National Virtual Observ atory (NV O) and the IPG.

The p ortal includes subsystems for: (i) construction of the image mosaics on m ultipro cessor systems or com-

putational grids, (ii) managing sim ultaneous user requests, (iii) determining whic h image plates from mem b er

surv eys are required to ful�ll a giv en request, (iv) cac hing input image plates and the output mosaics b et w een

requests, and (v) retrieving input image plates from remote arc hiv es. The parallel image mosaic king soft w are

emphasizes custom access to mosaics, allo wing the user to sp ecify parameters that describ e the mosaic to b e

built, including data sets to b e used, lo cation on the sky , size of the mosaic, resolution, co ordinate system,

pro jection, data t yp e, and image format.

The grid w ork �o w is optimized to ac hiev e high-throughput pro cessing of m ultiple mosaics to b e constructed

together as ensem bles. The k ey arc hitectural features for this mo de of pro cessing are a state-based data �o w

system, pip eline pro cessing to o v erlap mosaic computations and data comm unications where p ossible, and the
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use of data reserv oirs at v arious stages of the pro cessing pip eline to pro vide a lev el of robustness in the face of

v arying load conditions on shared grid resources.

A c kno wledgmen ts. The y ourSky p ortal w as initially dev elop ed under sp onsorship of NASA's Space Sci-

ence Applications of Information T ec hnology Program, O�ce of Space Science. The y ourSkyG p ortal, a p ort of

y ourSky to the Information P o w er Grid, w as sp onsored b y NASA's Computing, Net w orking, and Information

Systems (CNIS) Program.

This researc h w as carried out at the Jet Propulsion Lab oratory , California Institute of T ec hnology , under a

con tract with the National A eronautics and Space A dministration. Reference herein to an y sp eci�c commercial

pro duct, pro cess, or service b y trade name, trademark, man ufacturer, or otherwise, do es not constitute or

imply its endorsemen t b y the United States Go v ernmen t or the Jet Propulsion Lab oratory , California Institute

of T ec hnology .
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