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1 Introduction

The Granite Scientific Database System (Granite SDB) provides a comprehensve set of classes
for accessing multidimensond scientific data organized in awidevariety of formats. An
important component of Granite isits suppot for multidimensond array-based data sets through
the DataSouce class. This doaument describes the basic fundiondity suppoted by the Granite
DataSouce and related classes througha series of programming examples. Thegod isto
providea smple introdudionto basic fundiondity; notall optionsand parameters are described.

Conceptudly, the daasource modd represents rectilinear topologies usng an array. Thearray
axes form an index space, and each element of thearray containsa single datum which has one
or morefieldsor attributes. Physcal datasources may bedirectly assodated with afile or
network stream. A composte daasource combines oneor more component datasources. For
example, the AttributeJoinDataSouce can join one or more attributes taken from each of several
component datasources to produce a single, unified representation of the component daasets.
Similarly, the BlockJoinDataSouce can form a single view of several component datasources by
joining ther index spaces. These two datasources form the core of suppot for multisource data,
in which daais combined from several different sources. The daasource modd also suppots
adaptve resolutionfor cell oriented rectilinear daa.

Basic conaepts: data not stored in Datasource, Datasource class is abgract, Datum class abgract,
avoid user knowedgeof internd storageframework while still providing oppotunity for
efficient access to thedata.

Definekey classes: DataCollection, Datasource, DataBlock, Datum, Iterators

2 Physical Datasources

The PhysicalDatasource class provides the key interface to physca files; it isthefirst point of
access to thedata. Granite does not predefine any paticular daaformat for daa; theintentisto
access the origind daaas generated by the scientist@ application. Consequently, it is necessary
to providea metadaafile tha describes how tha datais organized. The metadaa file mus
describe both file and data attributes and is written in XML notation; we call these fdl files (fdl is
an abbreviation for file ddinitionlanguagé.

2.1 FDL file format

Granite FDL files are defined uang XML. The Granite system uses an XML data type definition
file (adtd file) tha describesthelegd input There are two geneal categories of metadaa: file
attributes and daa attributes. File attributes definethefile name, its array dimensondity and
boundswhether thefileisin binary or ascii format, its byte order, the axis ordering, and how the
fieldsin thedata set are stored in thefile (by point or by attribute). Data attributes describethe
daatype and name of each field in the daa set.
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Thefollowing example is a complete specification that describes a 100by 200binary file with a
singlefloat attribute, called value

TherecordSize attribute only needsto bespecified if there is paddingQdatain each record that
isnotdescribed in thefield information. ThefileOffset field isused if thereis header information
that precedes the daa; it defaults to MO ThefieldLayout can be either QoyPointOor
QoyAttributeQ the default is QoyPointO The axisOrdering field describes the order in which the
axes are stored where thevaluegives the order of the axes from sowest changing to fastest
changing; thedefault orderingis @ 1 2 EO whichis row orderingin 2D (i.e., al theelements of
arow are stored contiguousy, followed by the next row). Thelower attributed of the Bounds
field can be omitted; MGis the default. Using the defaults, the aboveexample could be specified
with thefollowing simpler file.

<?xm version="1.0" encodi ng="UTF-8"?>
<! DOCTYPE Fi | eDescri ptor PUBLIC "-//SDB//DTD//EN' "fdl.dtd">
<Fi | eDescri pt or
fileNane= "twoDi m bin"
fileType= "binary"
>
<Bounds upper= "99"/>
<Bounds upper= "199"/>

<Field fiel dNane= "val ue" fieldType= "float"/>
</ Fi | eDescri pt or >

2.2 Opening a data file

The codesegment bdow creates a PhysicalDataSouce from an fdl file named twoDim.xfdl; the
second String argument is an arbitrary name assod ated with the datasource during execution.
Creating the daasource does not actudly open thedaafile or read any daa. Thedaafile gets
opened when the datasource is activated, but nofile readsare issued until the program makes an
explicit request for daaviaa datumor subblock method call.

Dat aSour ce theData =

Dat aSour ce. cr eat ePhysi cal Dat asource( OtwoDi m xfdl 6, Qds2d0);
t heDat a. acti vate(); /1 activate is anal ogous to opening a file

3 Data access

Thedaain adaasource can beread a single datum at atime or by requesting arectilinear
subblock from the daasource. Of course, we need away to identify which datum or subblock we
desire. Each pointin adaasourceisidentified by its array postion, which is encapsulated in the
IndexSpaeld class. The | SBoundsclass uses 2 IndexSpa@l D& to definealower and uppe
boundof arectilinear subblodk.

3.1 IndexSpacelD class

Each point in adaasource is assodated with the pogtion of tha pointin the multidimensond
array in which it is stored. An n-dimensond daasource requires n indexes to access each daa
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point. Granite suppots a variety of forms of index space identifiers; the ssmplest and mos
straightforward versionis thelntegerindexSpael D class which simply maintainsan n-entry
array of integers representing theindexes. The code segment bdow creates a 2d IndexSpa&l D
which identifies postion[20,30] in the datasource.

I ndexSpacel D position = new I ntegerl ndexSpacel D{ 20, 30 );

Other specific congructors exist for 1d and 3d index spaces and a generic congructor accepts an
integer array argument and can be used for index spaces of any dimensondity.

3.2 ISBounds class

A rectilinear subblock of a detasource can bedefined by an indance of the |SBBounds class usng
2 IndexSpa@l D@, as shown in the example bdow which identifiesa 10x 10 blodk with alower
left corner at [20,30].

| SBounds bl ockDef = new | SBounds( new I ntegerl ndexSpacel D( 20, 30 ),
new | nt eger | ndexSpacel D( 29, 39 ));

3.3 Datum class and datum method

TheDatumclass is an abdract class with children classes tha are designed to handle particular
combinaionsof attribute typesin as efficient amanne as posible. For example, if al the
attributes are of the same type, it is mog efficient to use ahonogeneouschild of Datumbased on
tha type DoubleDatum, FloatDatum, IntDatum, ShortDatum, or ByteDatum The MixedDatum
can beused to indudemixed typeattributes in asingle datum. Althoughthis can be convenient,
thereisapotential peformance cod. The MixedDatum object encapsulates al theattributesin a
single Java ByteBuffer tha requires a convasion from a byte sequence to thedesired type
(doubk, float, int, short, or byte) every timethedaavalueis accessed. In the (unlikely) event
tha theorigind daais stored in thisform, the overhead may be acceptable. [Suppot for
MixedDatumis not yet complete.]

In generdl, it isdesirable to avoid references to the child classes of Datum There are methodsof
both DataSouce and DataBlock that create a Datum object of an appropriate type based on the
undelying data format. Such methodsalso alow the programmer to extract all the attributes of a
specific typein ahomogeneousDatumfor tha type.

Thesmplest (butrelatively ineficient) mechanism for accessing datain a DataCollection (a
DataSouce or a DataBlock) isto issuearequest for the data of onepostion at atime usngthe
daummethodcall.

Dat aCol | ecti on theDat a;
|/ set theData to reference a DataSource or DataBl ock
Dat um dat um = t heDat a. datunm{ position ); // return datum at the position

This Datumobiject containsall of thedaafieldsat the specified location in theindex space of the
DataCollection. Theactud data values can be accessed individudly as float, double, int, short,

float fval0O = datumgetFloat( O ); // get first attribute as a fl oat
short svall datumgetShort( 1 ); // get second attribute as a short
3
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or byte values; they are conveated fromtheinternd typeas needed.

If it is necessary to access a large number of daa points onedatum at atime, the datum method
used abovewould require condruction of anew Datum object for each datummethod
invoaion. Since Java object condrudionis expensive, it is desirablein this case to allocate a
single Datum object and re-use it in successive datummethod calls as shown bd ow.

Dat um datum = theData. createDatun(); // create Datum of right type/size
t heDat a. dat un( datum position ); [l fill it with values from position

3.4 DataBlock class and the subblock method

In genedl, itisfar more efficient to retrieve data from a daasource by extracting multiple daa
points with each que'y. The subblock method extracts an arbitrary rectilinear set of daa points
from thedaasource in asingle opegation. Thedaais returned in an indance of the DataBlock
class. There severa important subdasses of DataBlock, induding especially BascBlock and
ConmposteBlock. A BascBlocdk provides the mog efficient implementation of DataBlock if all of
thedaa contained in the block has thesame type. A ConposteBlock is composed of
BadcBlocks; it suppoits mixed types by organizing the data variates by typein sepaate
BadcBlocks. An important aspect of all of the DataBlock implementationsis that the application
program can process the daa in a DataBlock without being aware of the actud internd storage
chaacteristics. [Mog of thefollowing examples are based on the use of BascBlock objects.]

Aswith thedatummethod, there is a subblock methodthat creates and returnstherequested
information as a DataBlock and a version tha stores daiainto a pre-allocated DataBlock.

| SBounds bl ockBnds = new | SBounds( new I nt egerl ndexSpacel D( 20, 30 ),
new | nt eger | ndexSpacel D( 29, 39 ));
Bl ock bbl t heDat a. subbl ock( bl ockBnds ); // return a subbl ock
| SBounds bl kBnds new | SBounds( new | nt egerl ndexSpacel D{ 10, 10 ));
Bl ock bb2 = theDat a. cr eat eBl ock( bl kBnds );
t heDat a. subbl ock( bb2, bl ockBnds ); /1 fill a subblock passed in

Once a DataBlock has been filled with data, the application program can extract thedata one
datum at atime with the datummethod or arectilinear subblock at a time with the subblock
method. [DataSouce and DataBlodk are both children of the DataCollection class which defines
thedatumand subblock methods]

3.5 Direct access to DataSource and DataBlodk data

Althoughthe Datumobject is an important conagptud component of Granite and can bea
convenient mechanism for daa access, it can be more efficient to extract data directly from the
DataCollection withoutgoing throughthe Datumclass. It is als often necessary or convenient to
extract al or aportion of thedata from a DataSaurce or DataBlock as a single onedimensond
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array. Granite provides afamily of convenience functionsthat facilitate such access, induding
dataconveasionif desired.

For multipoint access to multidimensond daa sets, the order of the data storagein thereturned
array is deermined by theinternd storage assodated with the DataSouce or DataBlock. [We
may want to have amethodthat will return the axis order assodated with the storage or perhgps
a convenience tha will trandorm any onedimendgonal array according to an arbitrary axis
ordering] If thedesired access type and organization match theinternd storageformat, these
fundionswill return areference to the actud dda, rather than acopy; this can be a significant
performance issuefor accessto very large data sets.

Themethodsdescribed bd ow can beapplied to either DataSouce or DataBlock olyjects.
Because theresult of these opeationsassemble al thedaainto asingle array, it ispossible to
ge into memory-related paeformance issuesif they are applied to very large objects.

3.5.1 Single attribute access

The application program can extract a single attribute valuein any daatypeat a single pointin
thelndexSpace or fromall paintsin oneopeaation as shown in the following examples.

Dat aCol | ection theData = E ;

float fValue = theData.getFloat( isid, attrindex ); // get a single value

i nt i Value = theData.getlnt( isid, attrlndex );

short all[] = theData.getShorts( attrindex ); // return all vals of 1 attr

3.5.2 Multiple attribute access

The application program can extract all the attribute values in any datatypefor either asingle
point or for al thevaluesin a DataCollection. The single point versionsreturn al the attributes
at aspecified location in asingle array. Data convasionis performed if theinternd daatypes do
not match therequested type

i nt i Val ues|[] theData.getlnts( isid );
doubl e dVval ues[] = theData. getDoubles( isid );

Themultiple point access methodscan return the data in either point-order or attribute-order.
Point-order storage stores al of theattributes from a single point contiguousy; whereas
attribute-order storage stores all thevalues for asingle attribute for the entire data collection
contiguousy. For example, given a daa collectionwith attributes N, C, and O, point-order
storage appears in the array as ONCONCONCO E . NCOOand attribute-order appears as
ONNEN CCE COOEO O Multiple point access examples are shown bel ow.

float fValues[] t heDat a. get Fl oat s(); /1l point order
i nt i Val ues[] = theData.getlntsByAttribute(); // attribute order
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3.5.3 Values access

Thereis aso a Granite class tha encapaulates arbitrary type daa as a onedimensond array tha
is accessible to the application. It may beconvenient for the applicationto use this class for an
intermediate representation. [ This cois especidly trueif we decideto make Values a more
powerful tool; for example, we could provide multidimensond access to the data values.] See

Val ues val s = theData. get Val ues(); /1 get internal Granite representation

the Granite JavaDoc for details.

3.6 Attribute projections

It is often desirable for an applicationto extract only a subst of theattributes tha are stored in a
data set. Thisiscaled an attribute projection. Attribute projectionscan be applied to Datum,
DataBlock, and DataSouce access and can be specified by usng RecordSpe object.

The RecordSpe class alows the application to select a subset of the attributes by providing a
simple integer array containing theindexes of thedesired attributes. The attribute indexes do not
need to belisted in order, which allows the application to reorder as well as select attributes.

RecordSpec rs = new RecordSpec( new int[]{2,3,0} ); // select attrs 2,3,0
Dat um dat um = theDat a. createDatum( rs ); // create Datumfor the attr subset
t heDat a. dat un{ datum position, rs ); /1 attributes 2,3,0 at position

4 Iterators

In genera scientific data processing relies heavily on some form of iteration over some or all of
thedaaunde congderation. Very often theiteration patern is known in advance of the
processing and can be specified in a condse form. This can be extremely important when
accessing hugedaa sets stored on disk since disk accessis very dow. The caching and pre-
fetching facilities of Granite are mog effective when the application codeuses Granite iterators
to definetheiteration patern. Granite datasource fundiondity suppots both daum iteration and
block iteration. Datum iteration is specified usng an | Skterator object and block iterationis
defined usng an | Boundsterator.

4.1 |Slterator and datum iteration

ThelSlterator class extendsIindexSpa@l D so it also identifies apostionin theindex space. It is
ingantiated with an |SBoundsobject that defines the set of IndexSpae@l D values tha theiterator
should visit. Thevalues are visited in basic traversal throughthe axes with therightmog index
varying mog frequently and theleft mog index varying least frequently. Thereis a condructor
tha accepts an AxisOrdering argument that can be used to modify the default ordering. The code
fragment bdow congructs an | Slterator and then usesiit to access al thevaluesin a daasource.
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| SBounds dsBnds = ds2d. get Bounds();
I Slterator iter = new | Slterator( dsBounds );
for (iter.init(); iter.valid(); iter.next() )
{
fl oat nextValue = ds2d.datun{ iter ).getFloat( 0 );
Systemout. println( ((IndexSpacelD)iter).toString() + O=O + nextVal ue );

Theiterator isinitialized on condrudion, so theinvocation of iter.init() isn@strictly necessary,
butthe general format of this for loop specificationis agoodmodd andisvery obviouscode
Thereis aso ahasvioreElements() methodtha can be convenient for some iterations butyou
have to be careful. For example, in this case we cannotreplace iter.valid() with
iter.hagVioreElements() since hasMoreElements() is false when theiterator is at thelast element
of thebounds

4.2 1SBounddterator and block iteration

ThelBoundsterator suppotts block iteration over a datasource or adaablock. Theblodksin
theiteration can overlap with each other or can have gapsbetween them. The example bdowisa
simple iteration with non-overlapping blocks tha @overOthe datasource (i.e., there are no gaps).

| SBounds iterBlk = new | SBounds( new I ntegerlndexSpacel D( 2, 2 )); // 2x2 block
| SBoundslterator iter = new | SBoundslterator( dsBounds, iterBlk );
Basi cBl ock bBl ock = new BasicBlock( iterBlk ); // make block of proper size
for (iter.init(); iter.valid(); iter.next() )
{
ds2d. subbl ock( bBl ock, iter );
/1 do sonething with the data in bBI ock

5 Cell Datasources
Caching and prefetching

Multisource datasources

QL

Configuration
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9 RDB system notes
Note: points 1, 3, 4, 8, and 9 are adl incorporated into point 10.

1.

We need to move more Gow-level Odata access specificationsQupCQto the DataBlock
level. Aswe now have it defined, we are forcing the programmer to know a lot aboutthe
internd representation of thedaain order to extract daa values as arrays of the primitive
types (getFloaAttributes, for example). | have to check what kind of block it is, and then
issuethe appropriate call. Furthemore, if thedataisn®@stored as a floa array, but| need
it tha way, | have to write specia codefor each situation. The system should be
providing that. We should probably implement some subset of all the BasicBlock features
tha we require al DataBlock implementationsto provide Certainly getFloaAttribute(
isid, intattrib ) and getFloaAttributes( int attrib ). Thiswould leave the
getFloaAttributes() for the GeferenceOversion. See point 10.

Wha isthedifference between BasicBlock.subblock and BasicBlock.subBasicBlock?
Thejavadocimplies tha thedifference is copy vs. reference: subBasicBlock copies,
whereas subblock is areference. Tha@ much too subtie.

Both previouscomments raise the specter of copy vs. reference methodsbhow much
overhaul dowe need to clean that up?? See points 10 and 11.

QetlndexedOmethod names really should goDor at least we should deprecate them and
add alternative versionstha work because of the parameter specifications See point 10.

5. Should we implement getDouble and getlnteger methodsfor Datum? very easy to do.

6. Should we implement DoubleDatum and IntegerDatum classes? should be easy to do.

7. Should we have convenience congructors for ISBoundsfor 1,2, and 3d similar to those

10.

we have for IntegerlndexSpecel D?

Should we provide a convenience DataBlock method for returning each attribute as an
nD floa array (in additionto our current 1-d array)? See point 10.

Semanticsis a problem for some of themethod names: getFloaAttribute realy should be
getFloaValue Standad terminology talks aboutAttribute/Value pars D GittributeOrefers
to thefield (asin carbonor oxygen) tha containsa ralueOsuch as 4.5. Our methodsare
returning values given an attribute (specified as an index). Perhgpswe can shorten it even
more to getFloa or getShort as we do with Datum; or should we adoptthe Java
conventionsand go to floaValue and intValue? See point 10.

It would benice to standadize theinterfaces to thelow level explicit daa access and type
variation for Datum, DataBlodk, DataSource, Lattice, etc. | first thoughttha we might
beable to definea single interface specification, but that doesn®work. However, we
might be able to have an interface for Indexable or for Indexable plusL attice. (Makes me
think tha it would be nice to have a class name for Indexable that implies assodated
data). | would envision methodslike oneof the2 columnsbdow (d => Datum, b =>
block, s=> daasource, | => lattice). In all cases, these methodsare intended to be usable
for all daaformats, so tha convesionsare doneif theinterna storageformat does not
match therequested type There would have to be other methodsspecific to BasicBlock
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and ComposteBlodk tha would return references to theraw arrays. | don® know how
valuable it would beto follow the Java convention since we would have no methodsthat
exactly match Java@ floaValug)) method; onthe other hand, it might hdp to reinforce
the semantics tha thereturned values are not necessarily the same astheway thedaais
stored.

For

similar to current Granite convention

Java conwvention

d

floa getFloa( intfield);

float floaValue( intfield);

d

int getinteger(intfield);

intintValue( int field );

bs|l

floa getFloa( 19d, field );

float floaValue( 1SId, field);

bs|l

int getinteger( 1SId, field );

intintvalug 1SId, field);

bs|l

floa geFloa( intindex1d,intfield);

float floaValue index1d, field );

bs|l

int getinteger( intindex1d,intfield);

intintValug( index1d, field );

bs|l

floa[] getFloas( intfield);

floa[] floaValues( int field);

bs|l

floal[] getFloas( ); // dl fields point order

floa[] floaValues();

bs|l

floa[] getFloas( boolean attrOrder );

floal] floaValues( boolean aOrder)

|®n not sure aboutthe optionsbdow,

but they might be useful

bs|l

floa][] getFloas2d(int field );

floa[][] floaValues2d(intfield);

bs|l

floaf][][] getFloas3d(int field );

float [][][] floatValues3d(field );

bs|l

floaf][][] getFloas2d();

floaf][][] getFloas3d();

bs|l

n-d could behandled with nd array class?

11.10n thinking a bit aboutthe copy vs. reference issue, too. For this set of methods(and
maybe others), wha if we say that QyetOmethodsreturn references if possible, but may
end up beng copies. We can then provide @opyCandogs(if we think tha is desirable).
Alternatively, we could have versionsof the @etOmethodsthat passin thearraysto be
returned; these would always be copy opeations Theonly problem with thisisthat it
would be nice to have convenient utility methodsto allocate the correct size array. This
seems to work already for the1d array cases.

floa[] array = new floa[ blodk.size&() 1; // size() works for single attribute
block.getFloa( field, array );

floa[] alFloas = new floa[ blodk.size()*block.numAttributes() |;
block.getFloas( alFloas);

For thehighe dimenson arrays, it@ more complicated. Maybewe don®bother with
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thos. Thos versionsalways require copy opeations anyway, so thereisn®much to be
ganed by pre-allocating the arrays. Also, these operationsare aso already being applied
to (large?) collectionsof data values, o it@ not clear tha there will be so many iterations
tha we have to ge too concerned about Java object creation overhead Bat |east not now.
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