


SPATIAL SEARCHES IN
ASTRONOMY DATABASES

MULTI-DIMENSIONAL INDEXING FOR
SIMULATIONS AND OBSERVATIONS



Storing Simulations

Millennium Run (MPA)
10 billion particles, 64 snapshots
FoF groups and merger trees
Millennium XXL
300 billion particles
MultiDark — Bolshoi

Millennium Run:!
10.077.696.000 particles. \

Turbulence simulations (JHU)
10244 grid, 27TB
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Storing Simulations
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Turbulence simulations (JHU)
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Observing Simulations

Comparison to real observations

Back plane

Lots of spatial searches
In the database?
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A
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Sky Coverage

For precise window function

Virtual surveys
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Outline

Query shapes in SQL
Indexing with space-filling curve

Combine for spatial searches
Periodic boxes
Celestial sphere
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Databases

Which one to use depends on the task

Sqlite, MySQL, PostGRES, DB2, Oracle, SQL Server
Free “express versions” of the big ones, too

Customization is a must

There is always something missing
Extend by loading your libraries
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Query Shapes

- Geometric primitives
o1 Sphere, Box, Cone...
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Query Shapes
10 | Tamas Budavari

-1 IShape interface
TopoPoint Contains(Point p);

TopoShape GetTopo(Box b);
Box GetBoundingBox();

- Geometric primitives

o1 Sphere, Box, Cone...
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Query Shapes
11 | Tamas Budavari

-1 IShape interface
TopoPoint Contains(Point p);

TopoShape GetTopo(Box b);
Box GetBoundingBox();

1 Composites
o1 Intersect, Union, Difference...
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Query Shapes

“ Tamas Budavari

/* Sphere */
L In SQL Cdeclare @s Sphere — Sphere::New(l,2,3,10);
L—— Check if a point is inside
| LJ[)1- select (@s.ContainsPoint(1l,2,3), @s.ContainsPoint(99,0,0) ;
go
/* Box */

¢ Fdeclare (@b Box = Box::New(0,0,0,10,10,10) ;

iierosei h Lselect @b.ContainsPoint (1,2,3), @b.ContainsPoint(99,0,0) ;
SQLserver' select @b.ToString(); —-- string representation

go

/* String Representation */
Fdeclare (@x Box = 'BOX [0,0,0, 10,10,107"
Lselect @x.ContainsPoint(1,2,3), @x.ContainsPoint (99,0,0):
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Query Shapes
4 TamisBudaviri
[] Gener|c /* Generic Shapes */

declare (@a Shape - 'BOX [0,0,0, 10,10,101";
Lselect @a.ContainsPoint(1,2,3), @a.ContainsPoint(99,0,0)
O LJ[)1- select (@a.ToString() ;

go

-1 Boolean
/* Boolean Algebra */

—declare @sl Shape = 'BOX [0,0,0, 10,10,10]"';
O MEthOdS declare @s2 Shape = 'SPHERE [0,0,0, 5]';

declare @sU Shape = Shape::NewUnion (@sl,@s2);
declare @sI Shape = Shape::NewlIntersection (@sl,@s2);
declare @sD Shape = Shape::NewDifference (@sl,@s2) ;
select @sU.ToString() union all

select @sI.ToString() union all

~select @sD.ToString():;
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Query Shapes
e 5 TamisBudaviri
] Genenc /* Generic Shapes */

declare (@a Shape - 'BOX [0,0,0, 10,10,101";
Lselect @a.ContainsPoint(1,2,3), @a.ContainsPoint(99,0,0)
O LJ[)1- select (@a.ToString() ;

go

1 Boolean

/* Boolean Algebra */

/* Using the parser */
ldeclare @u Shape, @i Shape, @d Shape;

select @u = 'UNION [BOX[0,0,0,2,2,2], SPHERE[0,0,0,2]11"', ©);
@i = 'INTERSECTION [BOX[0,0,0,2,2,2], SPHERE[0,0,0,2]1]",
@d = 'DIFFERENCE [BOX[0,0,0,2,2,2], SPHERE[0,0,0,2]]1"';

select @sD.ToString():;
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Indexing Tables

Better performance of queries

Instantaneous range searches
Fast JOINs

Syntax

CREATE INDEX ix Name ON Table
(X ASC, ..) INCUDE (V, ..)
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Multi-Dimensional

Map the space to a simple index

Different kinds of Space-Filling Curves
Morton’s Z-curve
Peano-Hilbert Curve
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Peano-Hilbert Curve

-1 Hierarchical space filling

First Order
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Peano-Hilbert Curve

Hierarchical space filling

First Order

Second Order

ISSAC at HiPACC
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Peano-Hilbert Curve

Hierarchical space filling

First Order Second Order Third Order

: 5 50 3 10
: 1 7 £ |1
: 3 2 113 12
! § S s (AT Tt N
: o 1014 15
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Peano-Hilbert Curve

T
-1 Hierarchical space filling

First Order Second Order Third Order
e 1 2 3 o1z 15
H+—++—++ -+ttt

: 5 50 3 10
: 1 7 £ |1
: 3 2 113 12
! § S s (AT Tt N
: o 1014 15
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The Hilbert Curve

First Order Second Order Third Order

Also others... ™7 E

Morton Z-order
Simple bit interleave e

Etc... \
The Z-Order Curve

WhiCh One to use? First Order Second Order Third Order

Statistical analyses
Correlation fn

ISSAC at HiPACC




Divide and Conquer
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Covers for Shapes

Inside approximation

Outside overshoot

7/16/2012
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Covers for Shapes

Inside approximation

Outside overshoot

They are Key ranges

Level 0 Level 1 Level 2

1011114 |15

2 3
911213

0

21316 |7

0 1
11415

ISSAC at HiPACC
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Covers for Shapes

Inside approximation

Outside overshoot

They are Key ranges

Level O Level 1

Level 2

2

3

10

11

14

15

0

1
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Covers for Shapes

Inside approximation

Outside overshoot oy between 6 and 3 )

They are Key ranges
Key between © and 7

Level 0 Level 1 Level 2
1011114 |15
2 3
911213
0
21316 |7
0 1

- J
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Covers for Shapes

Inside approximation

Outside overshoot

They are Key ranges

Level O Level 1

2

3

10

Level 2

11414

15

8 912

13

0

1

2 36

7
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Covers for Shapes

Inside approximation

Outside overshoot

They are Key ranges

Level O Level 1

2

3

Level 2
10 14

0

1

8 1912

3

2 6

4
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Periodic Boundaries

Infinite with periodicity o x * M axw x*
* * X * *x *
* *
Have to search all boxes e xx Yo KX
x X * * x * + x
* * ' * * *

* »
" * % " * %
x * x|, * * *
* % % * * %
* i * * X
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Periodic Boundaries

“ Tamas Budavari
- Infinite with periodicity N T
* * *
* *
1 Have to search all boxes e o x* e k%
x % * k| 5 * * *
x * % * % x
. * o * * X o *
* *
* kK * * *
& * e L
X, k% X, kx
x * x| * * *
* * x * % %
* N * 2
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Searching in SQL

Key filter

ShiftX,-Y,-Z

ISSAC at HiPACC

By Cover

Where?

/* Peano-Hilbert Cover */

Fselect * from f£SimulationCover( sims.MilliMil(),

L '"SPHERE[0,10,10,5]",5);
go

/* Cover translates the search onto built-in index */
Fdeclare @s Shape = 'SPHERE[0,10,10,5]";
[éwith Cover (FullOnly, KeyMin,KeyMax, ShiftX,Shifty¥,ShiftZz)
as |
select * from f£fSimulationCover (sims.MilliMil(),(@s,5)
where FullOnly = 1 —— 1inside cover
)
select h.HaloID, h.X+c.ShiftX as X,
h.Y+c.8hift¥ as Y,
h.Z+c.8hiftz as Z
from MilliMil..MpaHalo h inner jolin Cover c
on h.PHKey between c.KeyMin and c.KeyMax
~where SnapNum = 63




/* Multiple searches around POI */

Re a l ' Hwith QueryShapes (FoFID, Shape) as
| |
(
select top 10 FoFID, Shape::NewSphere (X,Y,7Z,10)

from MilliMil. .FoF
E g where SnapNum=63 order by M TopHatzZ00 desc
Y~ )
! select distinct s.FoFID, g.GalaxyID, g.X+c.ShiftX as X,
g.Y+c.ShiftY as Y,
g.Z+c.ShiftZz as 2
from QueryShapes s
cross apply fSimulationCover (sims.MilliMil () ,s.Shape,5) ¢
inner Jjoin MilliMil. .DeLuciaZO06A g
on g.PHKey between c.KeyMin and c.KeyMax
where g.SnapNum—63
and ( (c.FullOnly=1) —-—- Inner cover
or
(c.FullOnly=0 —- Boundary cover
and 1l=s.Shape.ContainsPoint (g.X+c.ShiftX,
g.Y+c.Shifty,
g.Z+c.Shiftz))
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Online Interfaces

Largest simulations
Search and visualize

10 billion+ objects
and growing...

Indra 512 simulations

Coming soon at JHU

ISSAC at HiPACC
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Millennium XXL

bixéis \ Poin;s
‘ 2304
Mo,:i.v.e (@17, 279) (1636.2304,
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Web Services

Programming interfaces

Execute SQL queries
Most flexible

Inject probes in simulations
Turbulence
Cosmology

ISSAC at HiPACC
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No Sky Coverage?

2 M. FE. Pedbost et al.

Figure 1. SDSS colour composite image (vri) for our prototype unusual galaxy cluster. at RA = 16"23™76%. Dec = +97°62/12" . identified by Galaxy
Zoo participants. North is at the top. East is to the left.



Spherical Geometry
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Approaches to Consider

Pixel maps
Sensitivity, etc...

Equations of shapes
Spherical “vector graphics”

And beyond...
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An Observation

FITS header with WCS

Image dimensions map
to the geometry

More exposures?

No common pixel
coordinate-system

Overlapping areas

ISSAC at HiPACC
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Common Pixels

Pre-defined pages of an atlas
Standard in cartography

Image pyramids of hierarchical pixels
Including HTM, Igloo, HEALPix, SDSSPix, etc...

[T

Always approximate!

7/16/2012



Practical Implementation

Looking at Terapixels
We know how to work with images
Now have commodity Internet
We have cheap hard-drives

Integrated catalogs for efficiency
How about more surveys?
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Drawing with Equations

Working with 3D normal vectors

Benefits include
No wraparound
No projections

No singularities

ISSAC at HiPACC 7/16/2012



Drawing with Equations

-1 Direct 3D approach
o1 Halfspace — Circle/Cap
1 Convex — Simple shapes

~1 Region
o1 Unions of convexes
o1 Patches on the sphere
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Point in Region Test

Halfspace: one side of a plane (A, c)
Inside, when N-X > C

Convex: a collection of halfspaces
Inside, when inside all halfspaces

Region: a collection of convexes
Inside, when inside any convex

ISSAC at HiPACC
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Shape Operations

Intersection
Concat halfspace lists

Union

Concat convex lists
Unique coverage
Analytic area

Boolean algebra

ISSAC at HiPACC
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Difference of Convexes is a Region

-1 The set of Regions is closed for the Boolean ops

ISSAC at HiPACC 7/16/2012



Simplification

Eliminate redundant halfspaces

First handle trivial combinations of constraints

Then solve geometry on the surface
Derive Roots, Arcs, Patches

Eliminate redundant convexes
Some trivial cases, but...

Make convexes disjoint
Unique coverage, area, etc.

Stitch together convexes
When possible

ISSAC at HiPACC 7/16/2012



SphericalLib .NET

CH# code ~ 10k lines
OS independent (Windows, Un*x w/ Mono)
Documentation via Sandcastle

Great performance!

Sloan Digital Sky Survey in 10s
(13x larger than USA in area)
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Numerical Imprecision

Double precision calculations
IEEE 754 standard

Degeneracy
When are two vectors the same?

Spatial resolution limit
Roughly 30 cm on Earth

Lots of tricks from Graphics Gems

ISSAC at HiPACC
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Sky coverage of the Sloan Digital Sky Survey’s 5" Data Release
and the Galaxy Evolution Explorer’s 2"d Public Release



Region in SQL
S 1 7

DECLARE (@s VARCHAR (MAX), @r VARBINARY (MAX),
@z VARCHAR (MAX), @u VARBINARY (MAX)

SELECT @5 = '"REGION CIRCLE J2000 180 0 €07,
@z = 'pOLY J2000 180 0 182 0 182 2 180 2',
@r = sph.fSimplifyString(@s),
@u = sph.fUnion(@r,sph.fSimplifyString(@z))

SELECT sph.fGetArea (@r), sph.fGetArea (@u)
—— 3.14151290574491 €.3557280445064¢6
;":\.’
SQL Server Execution Times:
CPU time = 0 ms, elapsed time = 1 ms.

*/
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Footprint Services

Iogin | register

NV T S
"4

VO Services

Dl RS Footprint Services for the Virtual Observatory

All about coverage

.
Welcome to the National Virtual Obsenatory's web
portal at the Johns Hopkins University dedicated to

: the footprints of astronomy observations. Everything
you would ever want to know about the deepest fields
or the largest suneys starts here with their coverage

on the sky. Here is just a few things you could do on

Online blic repositor
p u p y & :& » Search for the coverage and exact area of a specific

sunvey by its name or a given position. Find quickly

— all observations that cover all your favorite objects...
» Create the formal description of your own obser-
. . . vations and calculate the exact area of the over-

- - Iapping fields in seconds. It really is simple here.

» Visualize the sky coverage of multiple surveys from
different angles and in various projections. Check out

our marvellous stereographic projection on the right
» Intersect various footprints and derive the common
area. Estimate the number of galaxies or stars with

measurements in all surveys or look for the dropouts

ra n S a 0 r e C » Download any footprints in various formats inclucing

Vi LU ASCI and the [VOA standard Space Time Coordinate

region specification for querying other VO resources.

» Publish the coverage of your obsenations in the

Virtual Obsenvatory framework simply by saving it

from the editor into My Footprints.

» Program our web senvices if you need to do more.

The footprints of the Sloan Digital Sky Survey’s 5th Data Release
and the Galaxy Evolution Explorer’s 2d Public Release

Acknowledging Us

L]
e S e I V I C e S Users are asked to acknowledge their use of NVO e further kindly request that you include. at the first mention of Footprint Senvices.
tools, applications. and software in any resulting pub- a footnote placed in the main body of the paper referring to the web site Iocated at

lications. The following language is suggested: hitp: /fwww.vosenices. netifootprint

This_research_has_made use of data

&l D Internet

Simple programming
http://voservices.net/footprint
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ASTRONOMICAL DATA ANALYSIS
SOFTWARE AND SYSTEMS XVI

The Westin La Faloma Resort & Spa
Tucson, AZ, USA
15=18 October 2006

This velume centains papers presenied at the B6th anooal cenference en Asironemacal
Dhate Asalysls Seftwise and Syatems [ATIASS XVI). The mecting themes sddressed
challenper and melstions for wery lasge, compate-inbensive svstema, Major ncow
astronomacal faclities sach ar ALMA, Geis, LS3T. and the Square-Kilemeter Array. i
nams but & few, are in vareos stages of plansing and design. Thelr supporilng data
spstems will excend the tusrent sisie of the art in many dimensiens by multiple sedess
of magnitude, and will domand 3 magr portion of the facility constmectinn and
eperatmg cestr. & key challesge will be te extract @eir full science poiential threugh
distribuied deta spstems Sat make pew, lnsevative we of Greld, daisbase, web service,
and virmlization technologiss

Thes 13 mmvined and 34 cemtribubed talliz, 116 pesters, seven Seer demunstration beaths,
three fecor deme sessitng, and seven Bisds-al-a-Feathes seufees rombized to provide
a thoroagh avereiew of the lates panente in astr | anfiurare, appli=li
data facilities, and algorithems. The key topics for this meeting were Challenges &
Selutions for Largs Dwt, Advances in [maging & Celtsration Algorthes, Coality
Manigessent in Adrennmical Dals Management Systema, Medern Grad Campiting in
Allrontm'r Archilestures for Large Astronemy Soffwars  Syabeme. amel  Snlar
& Planetary Asronomy. While s large nussber of contributed papers
J'nLInutd these themes, the full range of md.runrul lby.r_l inchaded phnm.ngiu legacy

acchived #ach an Gl loe FST. Lhe 1 lor
astronomacal data and the Virinal Observatory. and the Ilt'ri 1!dm|quu in algesithm
development.

The ADVASS conference sering har 3 strong tradilion of participani-ead logécal ssasiona
withan the meetmg This year 2 record numlber of “Bizds of a Peativer”™ secnens were
held 6n a mix of established and eosergieg iopios, includisg FITS, !u.luunaml(nl Daka
Procesing and the WO, The Emesging lnf cture ol A

Buildimg Oherovabery Legacy  Archiver, Pipeime Proceesing of SP-dmmF
Chservations, IRAF Users and Developers. and Next Generatien of Yisualization Teols
for Astrephysbes. Semmaries of these il are u.duded. In thess precesdings. This
boek o wuitable Sor pedtware ical soliware syrema,
AFTHNGTATE Wi G ;m‘mlrﬂmfw:n :ndimcknunfwnfmmﬁ!ld:
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= Hybrid Solutions
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Indexing the Sky

Hierarchical Triangular Mesh

{

Region approximation

Fast filtering using
HTM ID ranges
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“ Tamas Budavari

Anatomy of an SDSS Region
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HTM Filtering

“ Tamas Budavari

WITH Cover AS
(

SELECT * FROM dbo.fHtmCoverRegion

("REGION CIRCLE J2000 180 O lD'H

)
SELECT ©.0bjID
FROM PhotoCb] AS o INNER JOIN Cover AS c

ON o.HtmID BETWEEN c.HtmIDStart AND c.HtmIDEnd
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Summary

Store simulations, e.g., the reference Millennium

Simulations take 10x longer than analysis

Databases enable fast searches
Custom routines
Space-filling curves

Direct comparison of observed universe to sims
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