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participate in the development of International Standards through technical committees established by the
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collaboratein fields of mutual interest. Other international organizations, governmental and non-governmental,
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I ntroduction

This Technical Report describes the definition and use of multi-dimensional arraysin SQL. Multidimensional
arraysrepresent acore underlying structure of manifold science and engineering data. It isgenerally recognized
today, therefore, that arrays have an essential rolein Big Dataand should become an integral part of the overall
datatype orchestration in information systems. This Technical Report discusses the syntax and semantics of
operations on the MD-array datatype defined in I SO/IEC 9075-15.

The or

1)
2)
3)
4)
5)
6)

C

C
C
C
C
C

panization of this Technical Report is asfollows:

ause 1, “ Scope”, specifies the scope of this Technical Report.
ause 2, “Normative references’, identifies standards that are referenced by this Technical Report.
ause4, “Multidimensional Arrays (MDA) concepts’, introduces the concept of Multidimensional pArrays.
ause 5, “SQL/MDA datamodel”, introduces the data mode!.

ause 6, “ SQL/MDA operations’, covers the supported operations on MD-arrays..

ause 7, “Remote sensing example”, illustrates the supported functionality through realistic exanjples.

viii Multi-Dimensional Arrays (SQL/MDA) ©ISO/IEC 2019 - All rights reserved
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| nfor mation technology database languages — SQL technical reports—

Part 8:

Multi-dimensional arrays (SQIL /M DA)

1 Stope

ThisTechnical Report describesthe support in SQL for Multi-Dimensiona Arrays (MDA)asdefinedin ISO/IEC

9075-1

5.

©ISO/IEC 2019 — Al rights reserved Scope 1
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2 Normativereferences

There are no normative references in this document.

ISO and |EC maintain terminological databases for use in standardization at the following addresses:

3O Online browsing platform: available at ht t ps: / / www. i so. or g/ obp.

— |HC Electropedia: availableat ht t p: / / www. el ectr opedi a. or g/ .
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3 Termsand definitions

For the purposes of this document, the following terms and definitions apply.

31

3.2

3.3

34

3.5

3.6

3.7

©ISO/IEC 2019 — All rights reserved

coordinate

non-empty ordered I1st of Integers

cardinality
number of elementsin an MD-array

MD-array
ordered collection of elements of the same type associated with an MD-extentywhere each €
is 1:1 associated with some coordinate within its M D-extent.

NOTE 2 — A coordinate is within an MD-extent if every coordinate value from theinteger list is greater th

equal to the lower limit, and less than or equal to the upper limit of the MD;interval of the MD-axis at the g
in the MD-extent as the coordinate value has within the coordinate

M D-axis
named M D-interval

MD-dimension
number of MD-axes in the MD-extent of an M D-array

NOTE 3 — Also known as “rank” outside of SQL/MBA

M D-extent
non-empty ordered collection of MD-axéswith no duplicate names

M D-interval
integer interval given by apair of-\lower and upper integer limits such that the lower limitisle
or equal to the upper limit; the interval is closed, i.e., both limits are contained in it

ement

hn or
osition

5s than
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4.1 Concept

4 Multidimensional Arrays (MDA) concepts

4.1

Concept

The pllrase “(Multidimensional) array, raster data” is used to refer to arrays generally, in contrast to.thg MD-

array t
2:2016

Thear
related
Statisti

. This document uses the term ARRAY for the original SQL array collection type.

ay concept isasimple and efficient datarepresentation that findsitsusein awide array of fields, bu

A mul
hereis
of the
the arr

An elg
(such
share

4.2

Large
examp
and x/

dimensional array (MDA) isaset of elementsordered in amultidimensional space. The space con

Ay's dimension (sometimes al so referred to as its dimensionality).

Iment can be a single value (such as an intensity value invcase of grayscale images) or a composit
integer triplesfor the red, green, and blue components of atrue-color image). All elements of &
e same structure, referred to as the array's element\type.

Why consider support for MDA in SQL?

multidimensional arraysin particular represent aprevalent datatype across most scientific domain
esincluding 1-D sensor data, 2-D-satellite images and microscope scans, 3-D x/y/t image timeg
/z voxel models, aswell as4-D and 5-D climate models.

brm confined to the realm of SQL/MDA. It is not to be confused with theterm “array” in 1SOHE(Q 9075-

5 Ness-

aswell as scientific and engineering. Many sensors, images, image timeseries,simul ation processes,
cal models, and so on, produce raw datathat can immediately be classified as array data. These dggamay
be naIIralIy arranged along more than one axis: position and time, for example,

5 dered

discretized (also called rasterized or gridded), that is, only integer ¢gordinates are admitted as pgsitions
ndividual array elements. The number of integers needed to refér a'particular position in this spaceis

b value
n array

S, with
bries

©ISO/IEC 2019 — Al rights reserved Multidimensional Arrays (MDA) concepts 7
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4.2 Why consider support for MDA in SQL?

Figurel— Aerial greyscaleimage of size 1024x1024 (San Diego)

Inarray terms, theimagein Figure 1, “Aerial greyscaleimage of size 1024x1024 (San Diego)”, isa2-dimensional
array gf unsigned 8-hit integer elements positioned at coordinatesin {0, 1, ..., 1023} 2 space.

Arrayg rarely-occur isolated in practice and are typically ornamented with metadata and embedded in larger
overall information structures. Supporting them in narrowly specialized ad hoc tools or dedicated array PBMS
is thuginsufficient when it comes to building modern, complex services and applications. This suggests that
integration of array querying into a standardized framework Tike SQL s alogical next step that will benefit the
communities dealing with multidimensional array datain one way or the other.

SQL has had basic support for 1-dimensional arrays since 1999. Instead of attempting to extend the existing
1-dimensional array model to address the needs of multidimensional array manipulation, SQL/MDA addresses
those needs with a new feature set integrated into SQL.

8 Multi-Dimensional Arrays (SQL/MDA) ©ISO/IEC 2019 — Al rights reserved
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4.3 Array represen

Array representations

tations

The encoding and decoding function semantics for other external representations are implementati on-defined.
Examples may include data in such representations as PDF, JPEG, PNG, and XML.

4.4

Use casesfor MDA support in SQL

44.1

The use cases

The qyestion posed by this use caseis“How is array data acquired using SQL?’

Follow
to sati

— A
— In
— U
— B
Thefo

4.4.2

ing arethe primary use casesthat support for multidimensional arraysin the SQL-environment isre
iy

rray dataingestion and storage.

tegrated querying of array and relational data,
bdating stored array data.

porting arrays.

Array dataingestion and storage

Theq
Asdi

estion posed by this use caseis “How.is array data acquired using SQL 7’

ussed earlier in Subclause 4.3, “Array representations’, arrays exist in awide variety of formats

order o work with them in agenerie way in SQL, it is necessary to build an abstract data model that fit

the
asan
transf
an MG

What *

not di
encod

L philosophy. The M D-array-as defined by SQL/MDA provides exactly such adatamodel, impler

attribute type MDARRAY . Ingestion of array data encoded in an external format into SQL in
rming it or decoding:it'into an instance of theinternal MD-array datamodel, which isthen insert]
ARRAY column-of an appropriate type.

decode” meansin practice depends on many factors, including the data format, the details of ph

einto these technical details of array dataingestion beyond providing a default specification for
d arrays and a suitable interface for implementations to attach their ingestion extensions.

storag\Lof MD-arraysin aspecific DBMS, system architecture, etc. This Technical Report and the stand

lowing Subclauses discuss these use cases in greater, detail, and how SQL/MDA addresses then.

QUi red

In
swith
hented
olves
ed into

ysical
ard do
JSON

Itisw

prif‘discussing the storage data maodel here. The several possibilities are:

— M

D-array as afirst-class object in the same way that SQL tables are.

— Direct mapping of SQL tablesinto MD-arrays.

— &
— A

ore within an opaque data type (SQL string or Large Object for example).
dedicated column data type with well-defined semantics.

MD-array is asimple data structure defined by alist of MD-axes, each specifying a name, lower and upper
limits, paired with an element type. This led to adoption of the last option, following the example of ARRAY
and MULTISET collection data types. Data transformation is handled during ingestion with special functions,

©ISO/IEC 2019 — Al rights reserved Multidimensional Arrays (MDA) conc

epts 9
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4.4 Usecasesfor MDA support in SQL

allowing working with values with clearly defined semantics within the SQL -environment. It's minimally
intrusive to the SQL standard, while it nevertheless supports all of the requirementsidentified in this Technical
Report.

4.4.3

Integrated querying of array and relational data

Aswasi ntroduced inthe prevl ous Subclause, MD-arraysare stored within anew coll ectl on datatype MDARRAY

4.4.4

olumn A with the single value of a numeric column Cissimply A * C), and the general SQL g
hics are unchanged. In addition, it is possibleto generate an SQL table from an MD-array and vice
-array from an SQL table with the appropriate structure.

Updating stored array data

Read-

produged, e.g., atemperature sensor taking a reading every hour, or.asatellite periodically taking earth
vation[images as it orbits around the Earth. In addition, a single array* can exceed terabytesin size, and
practigal reasonsit might be split into multiple smaller arrays; ingesting them all into asingleMD-array

requir

MD-afray values, aswell as specific subsets of an MD-array.

445

Frequg
extern
“Arrayf

4.5

All acq
extern
datain

nly accessto MD-array datais clearly insufficient. Array dataigvery often continuously and regularly

obser-
for
olumn

piece-wise extension and updating of the column. Therefore, SQL/MDA allows updating of entire

Exporting arrays

data ingestion and storage”

Non-Use cases: Direct accessto external array data

essto array-datarequiresthat the array dataisfirst imported into the SQL environment. In order tq

to MD=array values, perhaps by using the MDDECODE function.

bl representation. Thisisthe counterpart of array dataingestion discussed previously in Subclause

ntly the result of operations on M D=arrays will be an M Darray, which needs to be exported using some

2 4.4.2,

query

il array datarusing SQL., applications are required to access external arrays themselves, then inseft those

10 Multi-Dimensional Arrays (SQL/MDA)
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5.1 Datamodel concepts

5 SQL/MDA data mode

5.1 Datamode concepts

The SOL/MDA model is essentially represented by the concept of MD-array. It isnecessary to clearly distinguish
betwegn array values* outside” the DBMS, and their analogs“inside” the DBM S. The the following.convention
isused:

— Theterms*“array”, “multidimensional array”, and “MDA” refer to array values external'to the SQL -envi-

ronment, encoded in a particular format like TIFF, netCDF, HDF5, JSON, etc.
— Theterms“MD-array” and “SQL/MDA" refer to constructs within the SQL <environment.

The rgjationship between “MDA” and “SQL/MDA" isillustrated in Figure 2, Relationships between MDA
and SQL/MDA”".

— decode — | SQL/

MDA
< encode ~<— | MDA

Figure 2 — Reélationships between MDA and SQL/M DA

52 | MD-array

MD-afray values are inputs of all SQLAMDA operations, and most often the outputs. Figure 3, “The structure
of an MD-array value illustrated on.a'sample 3x3 array”, shows the structure of a sample MD-array value.

©ISO/IEC 2019 — All rights reserved SQL/MDA datamoddl 11


https://iecnorm.com/api/?name=25f09370c6edff8b1b99fae933180819

ISO/IEC TR 19075-8:2019(E)

52 M

5.3

531

The deg
unders
1) “A
th
nd
2) “.
pa

5.3.2

D-array
J
r 9
(
element at
MD.-axi I+ -1 -1]-1 coordinate [1,0]
-aAX18
. i
LD 4 0+ -1 8 [ -1
{
Sl -1 -1 ff -1
\ T S
‘10 1 i
- lower upper axis
MD-extent limit limit name
[i(-1:1), j(-1:1)] -~ .
MD-axis
i(-1:1)
Figure3 — Thestructure of an MD-array valueillustrated on a sample 3x3 array
MD-array type definition
Type definition concepts
finition of an MD-array (see Clause-3; “ Terms and definitions’) is a good starting point in order

tand what components are needed.for the type of an MD-array:

different from the existing ARRAY and MULTISET.

. where each element is 1:1 associated with some coordinate within its MD-extent.” Hence, the
Irt needed is an MD-extent that delimits the coordinates of the elementsin an MD-array.

Element type

n MD-array is an ordered collection of elements of the same type ...” So, one thing needed to sp
b type of an MD-array isthetype of its elements, more specifically known as the element type. T

to

ecify
hisis

bther

MD-arrays stand out from the spectrum of collection typesin that the storage location of an element can be

derived directly from its coordinates, which makes storage and access particularly efficient. This requires that
al elements are of the same length. Therefore, variable-size collection elements like sets and multisets do not
qualify as element types. MD-arrays as element type is disallowed as well for the following reasons:

1) Nesting an MD-array of MD-dimension d; into an MD-array of MD-dimension d, can equivalently be
modeled as asingle MD-array of MD-dimension dq+do.

2) It keeps the data model simpler and more consistent in that all collection types are disallowed, and no
handling specifically of MD-arraysis needed.

12 Multi-Dimensional Arrays (SQL/MDA)
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All inall, any SQL datatypeis allowed to be an element type of an MD-array, except for collection-containing

types. A datatype TY is collection-containing if exactly one of the following conditionsis true:
— TYisacaollection type.
— TYisarow type, and the declared type of some field of TY is a collection-containing type.

— TYisdistinct type, and the source type of TY is a collection-containing type.

— TYisastructured type and the declared type of some attribute of TY is a collection-containing type.

5.3.3 | MD-dimension

The MD-dimensionisan essential property of an MD-array that indicates how many M D-axesit has. Tw
arraysfof different MD-dimensions are fundamentally different. Therefore, an M D-array.type that spec
certairf MD-dimension admits only MD-array values of that M D-dimension.

An MD-array has an MD-extent that is alist of MD-axes. Each MD-axis has aname, alower limit, and
upper |imit.

5.3.4 | MD-axis names

The ngme of an MD-axis uniquely identifies that M D-axis,-which becomes relevant in operations that 1
the M[D-axes of an MD-array. In operations on two or more. M D-arrays, the names of corresponding M
are required to be the same; aregular 2D x/y image is.campletely different from a transposed y/x imag
all. 1t might happen that some M D-arrays correspongd semantically, while the corresponding MD-axis
are different (for example, “t” in one MD-array and“time” in another); SQL/MDA providesa CAST v
for sugh cases that alows explicitly renaming.the MD-axis names.

5.3.5| MD-axislower and upper-limits

o MD-
fiesa

efer to
D-axes
b after
ames
priant

er and upper limits of the MD-axes are not fundamental to the nature of an MD-array. MD-arrays with

/MDA

“le
lower

uld be 2-dimensional MD-arrays of different sizes (the “width” of the first MD-axis and “height” of
ond MDraxis), as there are smaller and larger countries. In a“map” of the whole world in the sane res-

L the D-array for each country would be placed at a different position on the overall map (Figure 4,
ent-of satellite images of each country on aworld map (from Geographic Bounding Boxes)”, ile., the
dupper limits of its M D-axes would be different from those of other MD-arrays. Neverthelesy they

are related to each other, and it would be beneficia to possibly to put them in asingle MDARRAY column,
connecting them to further columns holding metadata like the country name, geographic boundaries, popul ation,

etc.
1 “resolution” refersto thereal size of asingle pixel, eg., 30 meters
©ISO/IEC 2019 — All rights reserved SQL/MDA datamodel 13
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Figurg 4 — Placement of satelliteimages of each country on a world map (from Geographic Bounding
Boxes)

Thereflore, MD-array values can have varying lawer and upper limits. The MD-array type can optionally be
declar¢d with minimum lower and maximumyupper axis limits; if no limit is defined for an axis, it can xtend
to the {mplementation-defined axis limit.

5.3.6 | Putting it all togethex

15:

Steppipg through the M D-array type definition rules of Subclause 8.1, “<data type>", in ISO/IEC 9075

<nmd-afray type> _:%W\=
<dafa type> NDARRAY <maxi mum nd- ext ent >

So specifying-acolumn of MD-array type requires specifying first the element type, followed by the kgyword
MDARRAY yand a maximum MD-extent at the end. Continuing with the specification details of <maximum
md-exjent>:

<maxi mum nd-extent> ::=
<l eft bracket or trigraph> <maxi mum nd-axis list> <right bracket or trigraph>
| <left bracket or trigraph> <nmaxi nrum nd-axis |ist anonynous> <right bracket or trigraph>

<maxi mum nd-axi s list> ::=
<maxi mum nd- axi s> [ { <comma> <maxi mum nmd-axis> }... ]

<maxi mum nd-axi s |i st anonynous> ::=
<maxi mum nd- axi s anonynous> [ { <comme> <nmaxi mum nd- axi s anonymous> }... ]

A maximum MD-extent is either alist of “regular” maximum MD-axes, or alist of “anonymous’ maximum
MD-axes. The difference becomes clear in the grammar rules below. It's worth mentioning here that the list of
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MD-axes is 1-relative; thisis most relevant in functions which return the axis name given its index, or vice
versa, as described later in this Technical Report.

<maxi mum nd- axi s> :: =
<md-axi s nane> [ <left paren>
<maxi mum nd-axi s lower |imt> <col on> <maxi num nd-axis upper limt>
<right paren> ]

<nd- axi s name> ::=
<identifier>

<maxi rum nd- axi s anonynous> :: =
<maxi mum nd-axi s lower |imt> <colon> <maxi num nd-axis upper limt>

Regular <maximum md-axis> has amandatory M D-axis name, while <maximum md-axis anenymousy drops
the negd for an MD-axis name. Thisis just a convenience construct: sometimes the namesareirrel evart.
Howeyer, for consistency and simplicity, |SO/IEC 9075-15 assumes that M D-axes alwaysihave aname| So, in
this cage, default MD-axis names are automatically generated (see Subclause 8.1, “ <data'type>" in ISQ/IEC

9075-15) in the form of “D1” for the first MD-axis, “D2" for the second, and so on.

—F

The other difference isthat the regular <maximum md-axis> can be specified-with just the MD-axis name,
while leaving out the lower and upper limits; in the case of <maximum md-axis anonymous>, thisis nog really
possib|e, as then there would be nothing to indicate the presence of an MD-axis. Leaving out the maxinum
[imits means that no maximum lower nor upper limits are enforced on aparticular MD-axis.

<maxi fum nd-axis lower limt> ::=
<ndjaxis limt>

<maxi pum nd- axi s upper limt> ::=
<mdjaxis limt>

<md-axis limt> ::=
<md{axis limt fixed> | <asterisk>

<nmd-axis limt fixed> ::=
<si gned nuneric literal >

A maximum MD-axis limit can be specified as an integer literal, but can also be specified witha*“*”, which

marksithat a particular lower or upper{imit of an MD-axis should not be checked against any maximuni value.
So, specifying a“*” for both thé lower and upper limits of an MD-axis is equivalent to leaving them out alto-
gether

Table 1, “Examples of MD3array type definitions’, illustrates these concepts with a couple of examples.

Table 1 — Examples of M D-array type definitions

Example SQL type definition

1-D MP-arrays of floating-point FLOAT MDARRAY [tenp(0:99)]
elements, with possible coordinates
from [0] to[99]. Thesingle M Daxis
iscalled temp, short for temperature.

Same as the previous example, FLOAT MDARRAY [tenp(*:99)]
except that the allowed coordinates
are now from [— «] (theoretically)
to[99].

Allow any coordinates. FLOAT MDARRAY [tenp(*:*)]
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Example SQL type definition

Equivalent to the previous case. FLOAT MDARRAY [t enp]

2-D MD-arraysof integer elements, | | NT MDARRAY [*:*, *:*]
with no upper/lower limits on the
coordinates. The MD-axis hames
are not specified (anonymous).

2-fMD-arrays of integer elements | SMALLI NT MDARRAY [i(-1:1), j(-1:1)]
and|maximum size 3x3 elements.
Thg MD-axisnamesarei and j.

3-D| MD-arrays corresponding to SMALLI NT MDARRAY [t (0:*), x(0:7999),, <{(0:7999)
time-series cubes of satelliteimages
ovef acertain area. The time MD-
axigt has no upper limit, allowing
new images to be appended to each
cubg indefinitely.

—

2-DMD-arrays of maximum size | CREATE TYPE RGBPi xel AS+(

1024x1024, correspondingto RGB | red SMALLI NT, green SMALLINT, bl ue SMALLI NT )
imgges (having red, blue, and green | RGBPi xel NMDARRAY [ x(0: 1023), y(0:1023)]
chahnels as 8-hit unsigned integer
confponents).

54 | MD-array creation

5.4.1 | MD-array creation concepts
There pre several ways to introduce MD-array values into the SQL-environment “from scratch”, i.e., the
opposite of deriving from existing MD-array values:

1) Indirect enumeration;all the MD-array's el ements can be listed in row-major order (unrelated to gny
internal array representation).

2) Afltabular guery result can be converted to an MD-array if it isin the appropriate structure.

3) M[D-array constructor by iteration allows the generation of all elements of an MD-array by evalualing a
cqordinate-bound value expression for each element.

4) By decoding an array encoded in a particular format, e.g., TIFF, netCDF, PNG, etc.

In most cases, it iscommonly required to explicitly specify the M D-extent of the created M D-array, asit cannot
be generaly inferred. The MD-extent is required to specify all MD-axis names and exact upper and lower
limits, in contrast to the more relaxed rules for maximum M D-extent, which allow omission of the MD-axis
limitsfrom the type definition. This ensures that every MD-array value in the SQL environment has aprecisely
defined M D-extent.

The definition of <md-extent alternative> is given below, indicating that it can be either specified explicitly
with <md-extent>, or sourced from another MD-array through an <md-array extent> (MDEXTENT) function:

<nd-extent alternative> ::=
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<md- ext ent >
| <md-array subset extent>

<nmd-extent> ::=
<l eft bracket or trigraph> <nd-axis list> <left bracket or trigraph>

<nmd-axis list> ::=
<md-axi s> [ { <come> <nd-axis> }... ]

<nmd-axi s> ::=
<md- axi s name> <l eft paren>
<nd-axis lower limt> <colon> <nd-axis upper limt> <right paren>

<nmd-axis lower limt> ::=
<nufreri c val ue expression>

<nmd-axis upper limt> ::=
<nufreri c val ue expressi on>

<md- afray subset extent> ::=
MDEXTENT <l eft paren> <md-array val ue expression> <right paren>

The fglowing Subclauses present each case in detail.

5.4.2 | Explicit element enumeration
Indirect enumeration, al of an MD-array's el ements can belisted in row-major order; the M D-extent isrequired
to be goecified with an <md-extent alternative>.

For a 2-dimensional matrix, “row-major order” meansthat all e ements of thefirst row arelisted in ordar, then
all elements of the second row, etc. Thisiseasily generalized to multiple dimensions: the inner-most (last) MD-
axis varies fastest, followed by the second last M D-axis, and so on.

Mathematically, the multidimensional coordinateto linear index trandation can be specified asfollows. Sippose
an MOQ-array of MD-dimension d, with.an MD-extent D denoted as [N1(LOy : Hl4), ..., Ng(LOgq : Hig)]/|Let E;

be HI; |- LO; +1. The row-magjor linear-index (starting from 1) of acoordinate [Py, ..., P4] within D isgiyen by:
14LPg+Eq- (LPy1+Egi- (o +Ep-LPp) ) = 1+ Ly - T

where[LP; = P; — LOiZ.

Syntaqtically, the<md-array value constructor by enumeration> is defined as:

<nmd- afray vakue constructor by enuneration> ::=
MDARRAY( <ird- extent al ternative> <nd-array element |ist>

<nmd-atray-elenent list> . =

<l eft bracket or trigraph> <nd-array elenment |ist inner> <right bracket or trigraph>

<nd-array elenent list inner> ::=
<md-array elenent> [ { <comma> <nd-array element> }... ]

<nmd-array elenent> ::=
<val ue expressi on>

The <md-array element>s are listed as comma-separated val ues between <left bracket or trigraph> and <right
bracket or trigraph>. Table 2, “ Examples of MD-arrays constructed by element enumeration”, shows several
examples.

2 Thisisnecessary in order to normalize the coordinate to an origin coordinate of [0, ..., 0], rather than [LOq, ..., LO4]
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Table 2 — Examples of M D-arrays constructed by element enumer ation

of gn MD-array valueillustrated on
asgmple 3x3 array”. The element
at cpordinate [0;0] is8, whichisthe
fifth element in the <md-array ele-
ment list>, whilethe elements at all
oth¢r coordinates are —1.

Example SQL fragment

1-D MD-array of 10 floating-point | MDARRAY [tenp(10:19)] [-0.5, -1.5, -0.34, 0.1,
elements at coordinates ranging 1.12, 0.34, 1.5, 0.2, 1.15, 0.033]

from [10] to [19]. The element at

coordinate [10] is—0:5, at [11] is

-1:5,andso on.

2-D| 3x3 convolution kernel, as MDARRAY [i(-1:1), j(-1:1)7] [-1, -1, -1, ~1) 8, -
shoyn on Figure 3, “The structure | 1, -1, -1, -1]

INT| e ements, such that the element
withvalue lisat coordinate [0;1;2],
2 igat coordinate [0;1;3], 3 at
[0;3,2],4a[0;2;3],5at[1;1;2], and
so gn.

3-312x2x2 MD-array of 8 SMALL-

MDARRAY [x(0:1),
6, 7, 8]

y(1:2)5\z(2:3)] [1, 2, 3, 4,

543

A tabu
as:

<nmd- a

From SQL table query result

MDARRAY <md- extent al ternative> <tabl e subquery>

The <rpd-extent alternative> specifiesan MD-extent D with d MD-axes, denoted as[N1(LOj : Hl1), ..., N

. Hld)-
that canstructinganMD-array from it will be possible:

ray val ue constructor_by query> ::=

Based on it, the'SQL table T produced by the <table subquery> is required to satisfy certain crit

ar query result can be convertedt6.an MD-array with an <md-array value constructor by query>, defined

d(LOqg
Eria so

Sare

T hastobeof degree N=d + 1.
Thetames of d columnsin T are required to correspond to the MD-axis names in D; these column
caHedreoordinate-cotumrs—Hherematthgeottmatsthe-eterment-eotdmn:

UNIQUE constraint is assumed on the coordinate columns (N, ..., Ng).

The rows at coordinate column with name N;, for 1 (one) < i < d, arerequired to contain non-null, integer

values ranging from LO; to Hl;.

The coordinate columns specify the coordinates, and the element column the elements, of the MD-array. So,
taking somerow in T, the element in the constructed MD-array at the coordinate defined by the valuesin the
coordinate columns (ordered to match the order of MD-axis namesin D) will bethe valuein the element column.
The elements at any coordinates within the specified M D-extent that have not been defined by the coordinate
columns will be set to the null value.

18 Multi-Dimensional Arrays (SQL/MDA)
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Figure 5, “Example of an SQL table that correspondsto a 3x3 MD-array”, provides an example of an SQL
table that satisfies these constraints. See Figure 3, “The structure of an MD-array value illustrated on a sample
3x3 array”.

i| j | element
1)1 -1 .

J
10 -1 4
1)1 -1
0TI T + Hr—t—t

N
ol o I O+ -1 8 | -1
01 -1 Sl (-1 -1 -1
1]-1 -1 f t t »>
.10 1 i

10 -1
11 -1

Figure5— Example of an SQL tablethat correspondsto a 3x3-M D-array

The fglowing SQL query fragment would construct the MD-array out of thistable T:

MDARRAY [i(-1:1), j(-1:1)] (SELECT T.* FROMT)

Figurgl 6, “ Example of an SQL table converted to a 3x3 MD-array-with MD-extent [i(-1:1), j(-1:1)]. ", shows
the MD-array that results when some of the coordinates in thegpecified MD-extent are missing from the input
table. The missing elements are set to SQL null values (dengted as* w” on the figure).

i| j | element 4
11 -1
0l-1 1 e ]-t
-

0| o 8 O+ (@] 8]-1
1|0 1 At e f-1fe
T 1 — >

100 1 i

Figure 6 — Example of an SQL table converted to a 3x3 MD-array with MD-extent [i(-1:1), j(-1:1)].

5.4.4 | Construction by implicit iteration

An <md-array value constructor by iteration> introduces a general, powerful, and flexible mechanism flor
constriicting new arrays. It is defined as follows:

<md- at-ay—val-He—eonstuet-or—by—--erat-ors———=
MDARRAY <nd-extent alternative>
ELEMENTS <nd-array el enent >

<nmd-array elenent> ::=
<val ue expressi on>

Thefirst part isthe familiar MDARRAY <md-extent alternative> that is common to the previoudly introduced
constructors: it allows specifying the MD-extent of the constructed MD-array. The second part indicates how
each element in that MD-extent is to be derived.
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In the simplest case, <md-array element> could be aliteral, or perhaps a column reference. The resulting
“constant” MD-array would consist entirely of elementswith that literal or column value. Thisisof useinini-
tializing an MD-array with zeros or the null value, for example.

To make it more generally useful, this constructor is defined so that in some sense it creates an implicit loop
over the <md-array element> expression. The MD-axisnames are at the sametime MD-axis“iterator” variables
that range from the lower to the upper limit of the particular MD-axis. The scope of the MD-axis variablesis
the <md-array element>, where they can be referenced to dynamically generate the value of each element. For
every element of the constructed MD-array, all M D -axis vari ablestaken together (inthe order of MD-axesin
theMD ' onding
elem

t of the coordinate.

Table B, “Examples of MD-arrays created with the constructor by iteration”, shows examples of using this
constryictor, starting from creating simple constant M D-array, to more complex MD-array defivation cgses.

Table 3— Examples of MD-arrays created with the constructor by iteration

Exgmple SQL fragment

2-Dj constant MD-array such that the value of each element is0 | MDARRAY,_[)x(0: 9), y(0:9)]
(zeno). ELENENTS 0

1-D “gradient” MD-array of 10 elements, in which the value of |\MDARRAY [x(0:9)]
each element is equal to its coordinate. ELEMENTS x

2-D|“gradient” MD-array of 100 elements, in which theyalue | MDARRAY [x(0:9), y(0:9)]
of gach element is equal to the sum of itsx and y coordifates. | ELEMENTS x + 'y

2-DMD-array, which is derived from an existingMD-array A | MDARRAY NDEXTENT( A)
witm MD-extent [x(0:9),y(0:9)], so that the valugof each element | ELEMENTS POVER(A[ x, y], 2)
inthe newly created MD-array isthe square of\the corresponding

elerhent in A. Note that MD-array element’referencing is used
in tiis example, which is explained in.more detail later in this
Technical Report.

5.4.5 | Decoding a format-encoded array

An MD-array canbeestablished by decoding an array stored in some particular format. The high-level gspects
were discussedin ‘Subclause 4.3, “Array representations’, and Subclause 4.4.2, “Array dataingestion ahd
storage” . The-decoding M D-array constructor is defined as:

<md- af ray,val ue constructor by decodlng> =

£ il P
AU W I, i I CI L pal i Dl,l I nmy VQI Ut TAMI CDDI UTl culIma rorirat FTUcrirrr el

<nmd-array returning clause> <right paren>

<nd-array returning clause> ::=
RETURNI NG <nd- array type>

The parameters to the MDDECODE function are as follows:
1) Firstisthe format-encoded array given as a <string value expression>.

2) Following acommaisa<format identifier> that indicates the format of the encoded array. Formats are
specified using media types, an |ETF standard for naming data encodings (see RFC 2045, Multipurpose
Internet Mail Extensions (MIME) Part One: Format of Internet Message Bodies). It isused in manifold
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waysin practice, most notably in the encoding of emails with attachments (which can be of any file type).
It standardizes alist of identifiers (printable strings) that refer to particular well-known format encodings.
For example, 'image/png’ indicates a PNG image, and 'application/json' refers to JSON data (see Media

Types).
3)

Finally, an <md-array returning clause> requires specification of the MD-array type that would result from

decoding the <string value expression>. The MD-array structure cannot be inferred without decoding the
string, so to allow proper type-checking it is necessary to explicitly specify the result type. In this context,

the “*” normally allowed by <md-array type> is prohibited; the exact MD-extent of an MD-array valueis
being described, which does not have infinite or indefinite MD-axis limits.

This

echanism provides a hook for implementations to define array — MD-array decoders as desired.

SQL/NIDA itself standardizes the decoding process of JSON-encoded arrays identified by <fermet idertifier>
‘applicgtion/json’. It is expected that the JSON array is embedded as a member with key 'data within a

object
by MO
of decpding JSON arraysto MD-arrays.

The JSON abject could potentially contain more members acting as metadatathat-are tltimately i
DECODE. Table 4, “Examples of MD-arrays created from JSON-encoded arrays™; lists some ex

Table 4 — Examples of MD-arrays created from JSON-encoded arrays

JSON
jnored
bmples

Exermpl e

SQL fragment

1-D) “gradient” JSON array of 6 ele-
ments, in which the value of each ee-
mert is equal to its coordinate.

MDDECCDE(' { "data"t
"application/jsan'
RETURNI NG | NT AVDARRAY [ x(1:6)])

[1, 2, 3, 4 5, 6] }',

2-DMD-array from a 3x3 convolution | MDDECCDE("f»"data”: [[-1, -1, -1], [-1, 8, -1], [}1,
kermel array encoded as JSON (cf. e o A
Figlre 3, “ The structure of an MD- applj-&ation/json _ _
arrdy valueillustrated on asample 3x3 | RETURNING INT MDARRAY [ (-1:1), j(-1: 1)])
array”).
3-DMD-array from a 1x3x2 array MDDECODE(' { "data": [[[1, 2], [3, 4], [5 6111 }].
encpded as JSON. "application/json'
RETURNI NG | NT MDARRAY [t (0:0), x(0:2), y(0:1)])

55 | MD-array.updating

551

MD-array updating introduction

The standard UPDATE mechanism of SQL, where an existing value is completely replaced with a new value,
isgenerally not suitable for MD-arrays. In practice, usually aset of small source MD-arrays need to be combined
into alarge target MD-array. The position of update in the target MD-array is random, determined by each

individual source MD-array. The set may be open-ended, i.e., more pieces of the target MD-array may become

available at any timein the future.

There are three general patterns that can be observed when updating atarget MD-array T with a source value

S

— Sand T are MD-arrays of the same MD-dimension.
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D-array updating

— Sisan MD-array of MD-dimension that is less than the MD-dimension of T.

— Sisof acompatible type to the element type of T, rather than an MD-array.

When Sisan MD-array, its element type has to be compatible to the element type of T. The next Subclauses
present these alternatives in more detail; multiple examples are used to illustrate the concepts based on atable
defined as follows:

TABLE

Tenp(

T REAL MDARRAY[ t(1:12), x(1:1000), y(1:1000) ]

)
Temp

552

Two cgses are supported when the source and target MD-arrays, Sand T, are of gqual MD-dimensions:

nH T
of
T

UH
T

2) W
cd
ha
T

UH

T

contains a single row with value MDARRAY[t(1:1), x(1:1), y(1:4)] [0.0, 0.0, 0.0, 0.0].

Updating M D-arrays of equal M D-dimension

ne default UPDATE syntax, aswould be expected, impliesthat T is completely replaced. The MD
Shas to be strictly within the maximum MD-extent of T. For example, this query replacesthe v
with the specified MD-array value:

DATE Tenp SET T = MDARRAY[t(1:1), x(1:1), y(1:3)}.[0.0, 1.0, 2.0]
ne value of T in the single row of Temp isnow MDARRAY[t(1:1), x(1:1), y(1:3)] [0.0, 1.0, 2.0].

hen T isrestricted to a certain MD-extent D (with.an explicit <md-axis subset list>), only the pa

S to be strictly within the maximum MD-extent of T. The following query replaces only the elem
at coordinates within the MD-extent [t(1:1),:x(1:1), y(1:3)]

DATE Tenp
SET T[t(21:1), x(1:1), y(1:3)] =
MDARRAY[ t (1:1), x(1:1)%C>y(1:3)] [0.0, 1.0, 2.0]

ne value of T in the single row-of Temp is now MDARRAY[t(1:1), x(1:1), y(1:4)] [0.0, 1.0, 2.0, (

Notabl
compl
all eley

“Exanple of array update”, illustrates this visually. The red rectangle is the MD-extent of T, while the

v, the M D-extent of Sdoes not need to be strictly within the MD-extent of T, and can overlap or
btely digjoint as welliin which case the final M D-extent will be the union of the two M D-extents
hents at coordinateswithin the union but not within the MD-extents of Sor T will be null values; Fi

extent
Al ue of

rtof T

rresponding to the MD-extent of Sis updated. The MD-extent of Shas to be strictly within D, and D

entsin

.0].

be

, and
gure 7,
vhite

rectanglle with blagk-border isits maximum MD-extent. The green rectangle is the MD-extent of S The result

MD-afray of the update is the rectangle formed of the red, yellow, and green parts; the elementsin the
subset|are setto null.

yellow
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Figure 7 — Example of array update

A typital situation that entails using the second alternative is combining-a set of satellite images as acqpired

by asatelliteinto aglobal world map. All satelliteimages, aswell asthefinal map are 2-dimensional. The map
would]be updated in turn with each satellite image (which may need to be “ shifted” with MDSHIFT (cf.
Subclguse 6.4.4, “ Shifting”) to the correct position in the map.

5.5.3 | Updating MD-arrays of greater M D-dimension

Often,[Scould be an MD-array value of smallendimension than T. In the following example, a2-D MD)-array
isassigned to a 3-D MD-array, and the t slice’coordinate where the source 2-D array will be placed carjnot be
inferrgd, so it is necessary to specify it exphicitly:

UPDATE Tenp
SET T[t(2), x(1:1), y(L1-4)] =
MDARRAY[ x(1: 1), y(1:4)]“5.0, 1.0, 2.0, 3.0]

As argsult, the value of T-inthe single row of Temp would be changed to MDARRAY [t(1:2), x(1:1), y(1:4)]
[0.0, 00, 0.0, 0.0, 5.0, .0,2.0, 3.0].

Thisigfairly similar.t0 the previous case, except that now in the subsetting MD-extent it is allowed to $pecify
dlicing coordinates.
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Figure8 — Updatinga 3-D M D-arrwth a 2-D source MD-array

N\
S
5.5.4 | Updating a single element of an M %g’ray

To update asingle element in T, the subset@% MD-extent has to provide slice coordinates for each M)-axis
of T. Hor example, this query will updatethe element at coordinate [1, 1, 1] to 5.2, so that the value of T in the
singlefrow of Temp will be MDARRQ~ (1:1), x(1:1), y(1:4)] [5.2, 1.0, 2.0, 0.0]:

UPDATE Tenp SET T[1, 1, 1] \\5 2

N

5.6 ExporUr&@?D arrays

56.1 Iz/(ﬁng to a data format

Tobe useful , MD-array values existing within atable may need to be exported to some external representation.
Thisisdone using acounterpart to the MDDECODE function introduced earlier in Subclause 5.4.5, “Decoding
aformat-encoded array”, specified as:

<md-array encode function> ::=
MDENCCDE <I| eft paren>
<md- array val ue expression> <conma> <format identifier>
[ <nd-array encode returning clause> ]
<right paren>

<nmd- array encode returning clause> ::=
RETURNI NG <dat a type>

24 Multi-Dimensional Arrays (SQL/MDA) ©ISO/IEC 2019 — All rights reserved


https://iecnorm.com/api/?name=25f09370c6edff8b1b99fae933180819

ISO/IEC TR 19075-8:2019(E)

5.6 Exporting MD-

The parameters that MDENCODE expects are as follows:

1) F

rst isthe MD-array value to be encoded, supplied as an <md-array value expression>.

arrays

2) Following acommaisa<format identifier> that indicates the format to which the MD-array value should
be encoded. Asin the case of MDDECODE, mediatypes are used for this purpose (see RFC 2045, Multi-
purpose Internet Mail Extensions (MIME) Part One: Format of Internet M essage Bodiesand MediaTypes).

3) Finally an<md-array encode returni ng clause> allows specification of the datatype that would result from
encoding the <md-array val ue expr ion>. The RETURNI NG clauseis optl onal and When omitted, the

recursive pseudo-code function G below illustrates the process of encoding an MD-array/A'of element yioe
ET, MP-dimension d, and an MD-extent denoted as [N1(LO1 : Hl¢) Ng(LOq : HIg]:In case the element
typeigarow or structured type, the algorithm uses the symbols DET as the degree of ET and FN; as thé name
of the |-th field/attribute in ET; furthermore, operations defined later in the Technical Report are used, ih par-
ticular|M D-array subsetting, element reference, and functions that get the name and the lower and uppér limit
of an MD-axis. Corresponding to the <md-array value constructor by decoding> (cf. Subclause 5.4.5,
“Decofling aformat-encoded array”), the resulting JSON array is embedded into a JSON object as a member
with key 'data’.
G(A) {= JSON OBJECT( 'data’ VALUE F(A) FORMAT JSON)
F(A)
l et [N be MDAXI S_NAVE(A, 1),
l et |LO be MDAXIS_LQ(A 1),
let |H be MDAXIS_Hi (A 1)
if DIMENSION(A) = 1 (one), then {
if ET is a row or structured type, then
return JSON_ARRAY(
JSON_OBJECT(FN; : A[LQ:FNg\™S .., FNper @ A[LQ : FNpet ),
\.J.Sd\LCBJECT(FNl © ALHIJEFNg, ..., FNper @ AIHI]:FNpeT ).,
el se
return JSON_ ARRAY(AILG, ..., A[H]) }
el s¢
return JSON_ARRAYCRCAIN(LO]), ..., F(AIN(HI)]))
}
Table b, “ Examples:ef*MD-arrays encoded to JSON arrays’, below lists the inverse cases of the examples
provided previously on Table 4, “Examples of MD-arrays created from JSON-encoded arrays’.
Table 5— Examples of M D-arrays encoded to JSON arrays
Example SQL fragment JSON result
1-D “gradient” MD- MVDENCODE( MDARRAY [ X(1: 6) ] "{ "data": [1, 2, 3, 4, 5, 6] }'
array of 6 elements [1, 2, 3, 4, 5, 6],
"application/json'
A 3x3 convolution MDENCCDE( MDARRAY ‘{ "data": [[-1, -1, -1],
kernel MD-array [i(-1:1), j(-1:1)] (-1, 8 ~-1], [-1, -1, -1]] }°
[-1, -1, -1, -1, 8,
-1, -1, -1, -1],
"application/json'
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Example SQL fragment JSON result
A 1x3x2 MD-array of | MDENCODE( MDARRAY "{ "data":
6 elements [t(0:0), x(0:2), y(0:1)] [((r1 2], [3 4], [5 6111 }'

[1, 2, 3, 4, 5 6], 'applica-
tion/json')

5.6.2 | Convertingto an SQL table

Converting an MD-array to an SQL table is useful whenever the perspective of using general(SQL wol
more gdequate. There are situations that cannot be addressed strictly within SQL/MDA, butthat generg
would]have no problems with. For example, the ability to order the elements of an MD+<array by some
is not {oreseen in SQL/MDA itself, asit isnot acommonly used array operation; converting to an SQL
and ugng ORDER BY would be an acceptable aternative in this case.

An SQL ARRAY can be converted to an SQL table with the UNNEST operator. SQL/MDA similarly u
UNNHST operator for this purpose, tailoring it to MD-arrays. Thisis defined in Subclause 7.6, “ <table
ence>'|, of ISO/IEC 9075-2:2016. The <collection derived table> expression goes in the FROM clause
query.(in SQL/MDA, the parameterslist is restricted to a single <collection value expression>.

<col | ¢ction derived table> ::=
UNNEST <l eft paren> <col | ection val ue expressi on®
[ {|<conma> <col |l ection value expression> }.._-§ )<right paren>
[ W TH ORDI NALI TY ]

UNNBHST has two modes of operation, based on the presence of WITH ORDINALITY':

1) By default, when WITH ORDINALITY is nat specified, UNNEST of an MD-array is approximate

dual operation of the MD-array val ue constructor by query previoudly introduced in Subclause 5.4.3,
L table query result”. In this case, UNNEST resultsin atable with columns for each MD-axisw
e hame as the MD-axis name (unless modified by a <parenthesized derived column list>), fall
by a column holding the MD-array €elements at the corresponding rows.

Id be
il SQL
Criteria
table

Ses the
refer-
of a

ly the
“From
ith the
bwed

2) If(WITH ORDINALITY isspecified, then before the coordinate columns there isin addition asingle

inality column holding the values from 1 (one) to the cardinality of the MD-array, in row-majo
cqrresponding to the MD-array elements.

Consider the following.example query.

SELECT T.*
FROM UNNEST(ANDARRAY[ x(1:2), y(1:2)] [1, 2, 5, 6])
AS T(x, ~Yy5 val ue)

It convertSasingle MD-array defined inline by directly enumerating all its elementsto an SQL table,

order

nown

in Table ®, "Result of example UNNEST query”.

Table 6 — Result of example UNNEST query

X y value
1 1 1
1 2 2
2 1 5
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X y value

Considering the same query, but with WITH ORDINALITY added:

SELECT T.*
FROM UNNEST( MDARRAY[ x(1:2), y(1:2)] [1, 2, 5, 6])
W TH-ORBIL-NALLTY_AS T( or H’ ARV val ||n)

Theregult is shown in Table 7, “ Result of example UNNEST query specifying WITH ORDINALITY”

Table 7 — Result of example UNNEST query specifyingWITH ORDINAL [TY

ord X y value
1 1 1 1
2 1 2 2
3 2 1 5
4 2 2 6

A more complex problem isto find the ten most frequent elementsin an MD-array. This can be done by com-
puting|a histogram on the array by counting how many elements there are of each value in the elementtype
range, [which is then converted into to atable in orderto’get the most frequent values after it's been sorted. In
thequéry below, let T be atable with an M D-array.column A of type NUMERIC(2, 0) and aprimary key ¢golumn
named id.

SELECT H.val ue
FROM T, UNNEST( SELECT MDARRAY[ value(-99: 99)]
ELEMENTS MDCOUNT_TRUE(A = val ue)
FROM T ) AS_:H(yal ue, total)
GROUP|BY H.val ue
ORDER|BY SUM H.total) DESC
FETCH|FI RST 10 RO\

©ISO/IEC 2019 — All rights reserved SQL/MDA data moddl 27


https://iecnorm.com/api/?name=25f09370c6edff8b1b99fae933180819

ISO/IEC TR 19075-8:2019(E)

(Blank page)

28 Multi-Dimensional Arrays (SQL/MDA)

©ISO/IEC 2019 — All rights reserved


https://iecnorm.com/api/?name=25f09370c6edff8b1b99fae933180819

ISO/IEC TR 19075-8:2019(E)
6.1 Introduction to SQL/M DA operations

6 SQL/MDA operations

6.1

I ntroduction to SQL/M DA operations

The fglowing Subclauses describe the operationsin SQL/MDA defined on MD-arrays, that result eith
MD-afray values again, or in some other SQL data values. Each operation isillustrated with various examples
based pn the following SQL tables and sample data.

in

A simple table of small 2-dimensional convolution kernelsis created. It holds a single roi with the 3x3 edge
detectifon kernel shown in Figure 2, “ Rel ationships between MDA and SQL/MDA”, plus’a 5x5 filter kgrnel in
anothg column. For conciseness, the exampl es often consist of only therelevant SQL query fragment ref
the keqnel or filter MD-array attributes, instead of showing afull SQL query.

CREAT
id
na
ker
fild

| NSER|
(1,
VD

MD.

6.2

Thefu
to<md

F TABLE kernels (
NTEGER PRI MARY KEY,
CHARACTER VARY! N& 50),
el SMALLI NT MDARRAY [i (-100:100), j(-100:100)]7,
er SMALLI NT MDARRAY [i (-100:100), j(-100:100)] )

[ | NTO kernel s VALUES
" Edge detection',

ARRAY [i(-1:1), j(-1:1)] [-1, -1, -1,
-1, 8, -1,
-1, -1, -1]¢

ARRAY [i(-2:2), j(-2:2)] [2, 4, 5, "4 2,
4, 9, 12 9, 4,
5, 1215, 12, 5,
4, 912, 9, 4,
2.4, 5, 4, 2])

M D-extent probing operators

hctions listed betew allow getting information about the M D-extent of an MD-array; AVE corres
-array valueexpression>. In 1SO/IEC 9075-2:2016, they are defined in Subclause 6.30, “ <numeri

functi
113 EX

n>", Subclause 6.32, “<string value function>", and Subclause 9.1, “<table reference>". Table §
ples with M D-extent probing functions’, shows examples for each function.

encing

ponds
Cvalue

1) MDOIMENSION(AVE)

Returns the MD-dimension of the MD-array value AVE.

2 M

DAXIS _INDEX(AVE, <md-axis name>)

Given an MD-axis name, returns the ordinal index (1-based) of the MD-axis with that name in the given

M
3 M

D-array value. A non-existing MD-axis nameis an error condition.

DAXIS NAME(AVE, <numeric value expression>)

Given an ordinal index i (1-based), returns the name of thei-th MD-axis in the given MD-array value. An
index not inthe [1, DIMENSION(AVE)] rangeis an error condition.
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4) MDAXIS LOW(AVE, <md-array md-axis>)

Given an ordinal index (1-based) or an MD-axis name, returns the lower limit of the respective MD-axis
in the given MD-array value. A reference to a non-existing MD-axis is an error condition.

5) MDAXIS HIGH(AVE, <md-array md-axis>)

Similarly, returns the upper limit of the respective MD-axis in the given MD-array value. A reference to
anon-existing MD-axis is an error condition.

6) MDEXTENT(AVE)

Returns the M D-extent of an MD-array value, as atable with NAME, LOW, HIGH, and INDEX ch)I umns
thi ng the respective information for each MD-axis of the MD-array's MD-extent.

7) MDEXTENT_MAX(AVE)

Ahalogous to the previous example, except that the returned table contains information for the MO
of|the MD-array's maximum M D-extent.

axes

Table 8 — Examples with M D-extent probing funactions

Example Result
MDDIMENSION(kernel) 2
MDAXIS_INDEX(kernel, j) 2

MDAXIS NAME(kernel, 1) i

MDAXIS_LOW(kernel, 1) = MDAXIS_LOW(Kernel, i) —1
MDAXIS HIGH(kernel, 2) = MDAXIS HIGH(kernel, j) 1
MDEXTENT (kernel) See Table 9, “Result of

MDEXTENT (kernel)”

MDEXTENT_MAX (kernel) See Table 10, “Result of

MDEXTENT_MAX (kernel)”

Table 9 — Result of MDEXTENT (kernel)

30 Multi-Dimensional Arrays (SQL/MDA)

NAME LOW HIGH INDEX
i -1 1 1
J -1 1 2

Table 10 — Result of MDEXTENT_MAX (kernel)

NAME |LOW HIGH | INDEX
i ~100 100 1
i ~100 100 2
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6.3 MD-array element reference

Accessing asingle element in an MD-array can be done with the <md-array element reference> operation. In
order to reference asingle element, it is essentially necessary to specify its coordinate. Most commonly in
programming languages and tools, the coordinateis specified asalist of comma-separated val ues, each indicating
the index on the respective MD-axis. SQL/MDA adopts this notation as well, so an element reference for a
d-dimensional MD-array AVE would generally look like this:

AVE[ pos1, poOS3, ..., posqg]

One to interpret posy, Posy, ..., P0Sy isas alist of integer values related to the particular M D-axes’based
on thejr order of appearance. pos; specifiesaposition on the first MD-axis in AVE, pos, on the sécond, pnd so
on. Thisis called positionally dependent referencing.

MD-axes have names, which can be used to establish a more flexible, positionally independent alternative. An
MD-axis can be referred to by its name, which means that each pos; is required to speeify an MD-axis hame

in this|case. Note that pos; does not necessarily refer to a position on the i-th MD<axis, but on the MD-gxis
named name;.

AVE[ name1(posy), ..., naneq(posy)]

There |s no value in mixing these two styles, so either one or the othetis required to be used in an MD{array
element reference. In either case, specifying a coordinate which iswithin the maximum M D-extent but| not
within|the M D-extent of the MD-array will result in anull valge. Specifying a coordinate which is not vithin
the maximum MD-extent is an error condition.

Table 11, “Examples of referencing a single element in-an MD-array”, below, shows afew examples.

Table 11 — Examples of referéncing a single element in an MD-array

Example Result
kernel [0, O] 8
kernel [i (0)j (0)]

kernel [j-(0) i(0)]

kernek[50, 0] null
kérnel [-1, 1000] error
kernel [x(0), y(0)]

kernel [i (0), 0]

The full grammar definition is asfollows:

<md-array el enent reference> ::=
<nd- array val ue expressi on>
<l eft bracket or trigraph> <nmd-axis slice |ist> <right bracket or trigraph>

<nd-axis slice list> ::=
<nd-axis slice |ist naned>
| <md-axis slice |ist positional>

<md-axi s slice list named> ::=
<nd-axis slice named> [ { <comma> <nd-axis slice named> }... ]

<md-axi s slice named> ::=
<nmd- axi s nane> <l eft paren> <md-axis slice positional> <right paren>
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D-array element reference

<md-axis slice list positional> ::=

<nd-

axis slice positional> [ { <comma> <nd-axis slice positional> }... ]

<nd-axis slice positional> ::=
<numeric val ue expressi on>

6.4

M D-extent modifying oper ations

6.4.1

This S
modifi
howeyv
the MI

6.4.2

Thecq
subset
result
than th
array 9
shows
“trims
smalle

Introduction to M DE-extent modifying oper ations

Libcl ause covers the operations that take an MD-array input and result in an M D-array;val ue with
ed M D-extent. The elementsin theresult MD-array at corresponding coordinates with theinput ML
Er, remain unchanged. These operations include selecting a subset of the MD-array elements, res
D-extent, and shifting the M D-extent by a given offset coordinate.

Subsetting

ncept of MD-array element reference discussed previoudy-i's now extended to an operation <mg

bf such a subsetting operation is an MD-array itself, with an MD-extent likely “trimmed” to be s
at of the input MD-array, and/or some of the MD-axes potentially removed (“sliced”). Figure 9,
ubsetting examples’, illustrates this visually. In that figure, blue denotes the original array, while
the subset array. The a) and ¢) examples preserve the MD-dimension, i.e., the subset contains or

, while b) removes, or “dlices’ one MD-axis'and d) slices two MD-axes, resulting in MD-arrays
I MD-dimension.

a)
A=

Darray,
haping

-array

> that allows selecting a subset of the MD-array’s elements, rather than a single element. As suclp, the

maller
“MD-
e red

ly
of

A=y

) d)

Figure 9 — MD-array subsetting examples

The MD-array element reference construct already supports specifying MD-axisdli ces. Itisextended to support
subsetting by specifying trims for any particular MD-axis as colon-separated lower and upper limit, and

requiri

ng that at least one trim (whether implicit or explicit) is present.

3 Infact, it can be seen as a special case of MD-array subsetting, where all MD-axes are siced, leaving a O-dimensional MD-extent

(that

32 Multi-Dimensional Arrays (SQL/MDA)

is, it completely removes the MD-extent).
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Explicit trims are the ones specified in the subset itself. Given positionally independent subsets: if a particular
MD-axisis not present in the subset, either asatrim, or asasdlice, it isassumed to be an implicit trim with
lower and upper limits equal to the lower and upper limits of the MD-axis. Note that in positionally dependent
subsets thisis not possible; not specifying atrim for some MD-axis in the subset would disturb the order and
make it impossible to relate the remaining trims and slices to the MD-axes.

A wildcard asterisk character (*') can be specified instead of a specific lower or upper limit, in which case that
limit implicitly expands to the value of the lower or upper limit of the referenced MD-axis.

Similarly, it is often useful to match the MD-extent of MD-array A, to the MD-extent of another MD-array B

(of equial MD-dimension). This can be done by using the MDEXTENT function in the subset, which-iS

differgnt from the use of <md-array extent>, described earlier in this Technical Report in Subclause’s.4

array greation”.

The <ind-array subset> is defined as followsin ISO/IEC 9075-15, Subclause 8.3, “<md-array subset>"|

<md- afray subset> ::=
<md{array val ue expression> <left bracket or trigraph> <nd-axis subset |ist> <righ

brag¢ket or trigraph>

<nd- axi s subset list> ::=

<nd- axi s subset |ist named> ::=
<md{axi s subset nanmed> [ { <commma> <nd-axis subset mamed> }... ]

<nmd- axi s subset |ist positional> ::=
<nmd{axi s subset positional> [ { <conma> <ndsaxi's subset positional> }... ]

<nd- axi s subset naned> ::=

<nmd- axi s subset positional> ::=

<nmd-axis limts naned> ::=
<md{axi s name> <l eft paren> <nd-interval expression> <right paren>

<nmd-axis limts positional> ::=
<md{i nterval expression>

<nmd-i pterval expression> ::=
<nmdj{axis lewer |imt expression> <colon> <nd-axis upper limt expression>

<nmd-axis fower limt expression> ::=
<nmd{axis limt expression>

<md- axi s upper limt expression> :

-axi s subset |ist positional>

<md- axi s subset |ist naned>
<
<frd- array subset extent>

<mz-axis limts nanmed>
<md-axi s slice named>

<m3-axis limts positional >
<frd- axi s slice positional >

<md-axis limt expression>

<nd-axis linmt expression> ::=

<nureric val ue expression>
<asterisk>

not
“ M D_

Table 12, “ Examples of MD-array subsetting”, shows examplesthat illustrate the concepts of MD-array subset-

ting.
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Table 12 — Examples of M D-array subsetting

Example Result

kernel [0:1, 0:1] MDARRAY [i(0:1), j(O:1)] [8, -1, -1, -1]
kernel [i(0:1), j(0:1)]
kernel [j(0:1), i(0:1)]

kermett6,—61} MBARRAYT(6—1+18—11

kernel [0, O:*]

kernel [i (0), j(0:1)]

kernel [i (0), j(0:*)]

kernel [j (0:1), i(0)]

kernel [0: 0, 0:1] MDARRAY [i(0:0), j(0:1)] [8, -1]

kernel [0: 0, 0:*]

kernel [i (0:0), j(0:1)]
kernel [i (0:0), j(0:*)]
kernel [j (0:1), i(0:0)]

kernel [0, -1:1] MDARRAY [j(-21:1)] [-1, 8, (1]
kernel [0, *:*]
kernel [i (0)]

kernel [i(0), j(*:*)]

filter[ MDEXTENT(kernel)] MDARRAY [i(-1: 1))V (-1:1)] [
filter[i(-1:1), j(-1:1)] 9, 12, 9,

12, 15, 12,
9, 12, 9]
kernel [ 50, 0:1] error

kernel [ 0: 50, *:*]

kernel [ - 1000: - 500, 300]
kernel [i (0), x(*:*)]
kernel [ 0: 1]

6.4.3 | Reshaping

The <md-array reshape function> is somewhat similar to the subsetting operation, with the following diffefences:

— Only,ttims are allowed; that is, the result is always an MD-array of the same MD-dimension asthat of the
inputM D-array.

— TheMD-extent can aso be“enlarged” (up to the maximum M D-extent of the MD-array), while subsetting
only supports MD-extent “restriction”. On enlarging, al elements at coordinates within the result MD-
extent, but not within the MD-extent of the input MD-array, are set to the null value.

— It'safunction, withtheinput MD-array value asfirst parameter, and the M D-extent reshaping specification
as the second parameter.

Reshape is a common name for this operation, as the MD-extent is sometimes also called shape (or bounding
box, spatial domain, etc.). Visualy it isillustrated in Figure 10, “MD-array reshaping example”, in which the
original MD-extent is marked as a gray rectangle, while the new MD-extent after applying MDRESHAPE is
the yellow (including the gray) rectangle.
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Figure 10 — M D-array reshaping example

Syntagtically, MDRESHAPE is defined as follows:

<nmd- a
MDR

ray reshape function> ::
FSHAPE <I ef t paren>

<ri ght paren>

<nmd- array val ue expressi on> <comma> <nd-axis limts list>

<md-axis limts list> ::=
<|
| <left bracket or trigraph> <nmd-axis limts |ist

| <fgd-array extent>

<md- a
<l eft

is limts list positional> ::
bracket or trigraph>

<ri ght bracket or trigraph>

<md-axis limts list naned> ::
<l eft bracket or trigraph>

<ri

Thea

ght bracket or trigraph>

<nmd-axis limts positional> [ { <conma> <nd-axis Nwits positional > }... ]

<md-axis limts named> [ { <comma> <nd-axisS limts named> }... ]

ernatives for positionally dependent and independent MD-axis reference and MD-axis limit are

eft bracket or trigraph> <nd-axis limts |ist positional > <right bracket or trigraph>

named> <ri ghtd bracket or trigragh>

same

asin the subsetting case, so refer to Subclause 6:4.2, “ Subsetting”, for the details. Table 13, “ Examples ¢f MD-

extent

reshaping”, shows examples that illustrate the concepts of MD-extent reshaping.

Table 13— Examples of M D-extent reshaping

Example Result
MDRESHAPE( ker nel , [0Ow1; 0:1]) MDARRAY [i(0:1), j(O:1)] [8, -1, -1, -1]
MDRESHAPE( ker nel ,~{i(0:1), j(0:1)])
MDRESHAPE( ker nel »{j (0:1), i(0:1)])
MDRESHAPE( kernel , [i(0:2), j(0:*)]) MDARRAY [i(0:2), j(0:1)]
[8, -1, -1, -1, NULL, NULL]
MDRESHAPE(filter, [ VDEXTENT(kernel)]) MDARRAY [i(-1:1), j(-1:1)] [
fi| Ter[ VNDEXTENT{Ker net )] 9, 1Z, 9,
filter[i(-1:1), j(-1:1)] 12, 15, 12,
9, 12, 9]
MDRESHAPE( ker nel , [ MDEXTENT(filter)]) MDARRAY [i(-2:2), j(-2:2)] [
NULL, NULL, NULL, NULL, NULL,
NULL, -1, -1, -1, NULL,
NULL, -1, 8, -1, NULL,
NULL, -1, -1, -1, NULL,
NULL, NULL, NULL, NULL, NULL]
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6.4.4 Shifting

The <md-array shift function> allows shifting the whole M D-extent of an MD-array value AVE to anew origin
coordinate O. The origin of an MD-extent is the coordinate formed of the lower limits of each MD-axisin the
MD-extent. O is specified in the sameway asfor MD-array element reference, so refer to Subclause 6.3, “MD-
array element reference”, for the details. Syntactically, MD-extent shifting is defined as follows:

<md-array shift function> ::=
MDSHI FT <l eft paren>
P | ] + e | + | | +
mu= anrtd Gy val ucT CAFI Cool Ull CUTIIma U™ AAT O ST T T T Ol

ht paren>

betwegn the origin of AVE and O. The difference of ad-dimensional coordinate [P, ..., Pyq] aid a coordinate
[Q1, -}, Qq] isequivalent to the difference of their corresponding values, i.e., [P1 — Q1, .. Pg — Qql; the sum
is defimed analogously. Then the coordinate R of each element of the MD-array is replaced with R+S; the¢ value

of the glement remains unchanged.

Figurg11, “MD-array shifting example’, shows visually the effect of MDSHIFT. The original MD-extent is
markefl as a gray rectangle, while the new MD-extent after applying MDSHIFT isthe yellow rectangle.

Figure 11 — MD-array shifting example
Table 14, “ Examples of MD-extent shifting™; shows examplesthat illustrate the concepts of M D-extent shifting.

Table14 — Examples of M D-extent shifting

Exgmple Result

MDSHI FT(ker nel , [0,.0]) MDARRAY [i(0:2), j(0:2)]
MDSHI FT( ker nel .. [NA0), j(0)]) (-1, -1, -1, -1, 8, -1, -1, -1, -1]
MDSHI FT( ker nelSAYj (0), i(0)])

MDSHI FT(kerrel, [i(0)]) error

MDSHI FT(kernel, [i(0:0), j(0)])

MDSHI'ET( ker nel , [ 1000, 1000])

6.45 MD-axisrenaming

SQL/MDA extends the SQL CAST operator to allow changing the MD-axis names of an MD-array value.
Syntactically, thisisof theform CAST (<md-array value expression> A S <md-axis maximum md-extent cast>),
where <md-axis maximum md-extent cast> is defined as follows:

<nd- axi s nmaxi nrum nd- extent cast> ::=
MDARRAY <nmaxi mum nd- extent cast alternative>
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<maxi mum nd- extent cast alternative> ::=
<maxi mum nd- ext ent >
| <nmd-array axis names>

<nmd-array axis names> ::=
MDAXI S_NAMES <l eft paren> <nd-array val ue expressi on> <right paren>

As can be noticed, there are two ways to specify the new MD-axis hames:

— They can be explicitly specified in an <maximum md-extent>.

iey Can be supplied from an existiing MD-array of the Same MD-dimension, using the MDAXTS _NAMES
function (see Subclause 6.2, “ MD-extent probing operators’).

Table 15, “Examples of MD-axis renaming”, below lists afew examples.

Table 15 — Examples of M D-axisrenaming

Example Result

CASIT(kernel AS MDARRAY [Xx, yl) MDARRAY [x(-171), y(-1:1)]
[-1, -1, -1/-% 8, -1, -1, -1, -1]

CAST(kernel AS MDARRAY MDAXI S NAMES(filter)) | MDARRAYALi-(-1:1), j(-1:1)]
[-1, ¢y"-1, -1, 8, -1, -1, -1, -1]

6.5 | MD-array deriving operators

6.5.1 | Introduction to MD-array deriving operators

This Slibclause coversall operationsthat take M D-array input(s) and result in an MD-array value with el ements
derivedl from the elements of the-ifputs in some way.

6.5.2 | Scaling

Itispopsibleto reShape an MD-array, aswith MDRESHAPE (cf. Subclause 6.4.3, “Reshaping”), whileretrofitting
its contents into-the new MD-extent. The contents are adjusted to the new MD-extent by interpolating (resam-
pling) the elementsin someway. A familiar use caseisresizing (up or down) of animage, illustrated in Figure 12,
“MD-gray scaling example”, in which the MD-array on the left is enlarged with MDSCALE to the MD-array
on the'right:

Figure 12— MD-array scaling example
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Thetarget MD-extent is specified in the same manner asin the case of MDRESHAPE. The grammar definition
isasfollows:

<md-array scale function> ::=
MDSCALE <l eft paren>
<md-array val ue expression> <comma> <nd-axis limts list>
<right paren>

It isworth going in more depth now into the algorithm by which the new element values are established in the
result M D -array with M DSCALE Derlvmg apartlcular new element value in general relies on acombl nation

interpalation al gorlthms are known from I|terature and are in active use. For instance, Table 16 “Interpplation
methofls defined in 1SO 19123:2005”, lists the interpolation methods defined in SO 19123:20055.which also
acknowledges that more exist:

Table 16 — Interpolation methods defined in 1SO 19123:2005

Method Coveragetype Dimensien
Nearest Any Any
Neighbor
Linear Segmented Curve 1
Quadratic Segmented Curve 1
Cubic Segmented Curve 1
Bilinear Quadrilateral ‘Grid 2
Biguadratic Quadrilateral Grid 2
Bicubic Quadrilateral Grid 2
Lost Area Thiessen Polygon, Hexagonal | 2
Grid
Barycentric | TIN 2

Which interpolation method is chosen depends on the particular use case; for example:
— Bilinear or bicubic interpolation are often considered appropriate for remote-sensing image rescaling.

— Nearest neighbor yields “ crisper” images with better contrast; therefore, it is sometimes preferred for
sdaling.Web maps. Non-numerical categorical values cannot be meaningfully combined in interpolation
agorithms, so nearest neighbor is often the only applicable interpolation in such cases, as it workg by
cloning existing elements into the output.

MDSCALE reguires a decision on which interpolation methods to support. Nearest neighbor is simple, and
easily scalesto any dimension and element datatype. All other methods specifically support arrays of acertain
dimension only. Combined with the lack of standardization in this area, SQL/MDA adopts and standardizes
nearest neighbor as the interpolation method that is applied during MDSCALE.
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6.5.3 Concatenation

Concatenation is an operation that “glues’ two MD-arrays along a specified MD-axis. The MD-axis can be
referenced by name or index position, in the same way as with the MDAXIS LOW and MDAXIS HIGH
functions for example (see Subclause 6.2, “MD-extent probing operators’). The MD-arrays are required to
have matching M D-extents on all M D-axes except the “gluing” MD-axis; this also meansthat they arerequired
to be of same M D-dimension. The mechanism of concatenating two MD-arraysis shown in Figure 13, “Con-
catenation examples’. In this figure, the left example shows concatenation along the first MD-axis, and the
example on the right shows concatenation along the second MD-axis.

Figure 13 — Concatenation examples

The grammar definition of MDCONCAT is asfollows:

<md-afray concatenation> ::=

MDCONCAT <I eft paren>
<nd-array val ue expressi on> <conma> <nd-array nd<aXi s>
<ri ght paren>

Table 17, “Examples of MD-array concatenation” below lists.a couple of examples.

Table 17 — Examples of.M D-array concatenation

Example Result
(A := MDARRAY [i(0:0), j(-T+1)] [1, 2, | MDARRAY [i(-1:2), j(-1:1D] [
3]) -1, -1, -1,
MDCONCAT( kernel , A, 1) -1, 8, -1,
MDCONCAT( ker nel , A,.. () -1, -1, -1,
1, 2, 3

(A 1= MDARRAY:{'(-1:1), j(0:0)] [1, 2, | MARRAY [i(-1:1), j(-1:2)] [

3]) -1, -1, -1, 1,
MDCONCAT( kefnel , A, 2) -1, 8, -1, 2,
MDCONCAT(kernel , A, j) -1, -1, -1, 3]

6 5 4 Lndiioad anar ot oo
I MMUuUcCuU VPt Atturio

Elevating (inducing) scalar operationsto the level of arraysis standard practice in array-oriented programming
languages, libraries, softwaretools, or array DBMS. SQL/M DA adopts and supportsthis concept on MD-arrays
aswell. Induced operations return an MD-array with same MD-extent as its input MD-array(s), where each
result element value is derived by applying the indicated operation to the input element(s) at the corresponding
coordinate(s) (see Figure 14, “Example of summing two MD-arrays’, in which the elements of the result MD-
array C are obtained by summing the corresponding el ements of theinput MD-arraysA and B). In general, any
valid operation applicableto theindividual elements qualifiesto be an operation induced on MD-arrays of such
elements.
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Figure 14 — Example of summing two M D-arrays

Binary and n-ary operations allow some of the operands to be scalar values, so that (for exampley’A+5 (add 5
to eaclp element of the MD-array A) would be possible. All MD-array operands in an indueed operation are
required to have equal M D-extents.

The induced operations in SQL/MDA are classified in two categories: functions (Subclause 8.13, “<md-array
va ueflunction>") and and expressions (Subclause 8.12, “ <md-array value expression>", Subclause 8.6, | <case
expression>", and Subclause 8.7, “<cast specification>"). Let's start with the syntax definition of <md-grray

value flunction>:

<nmd-afray value function> ::=
I it f .
—fre—array—reshape—funeti-on>

{

-array absol ute val ue expressi on>
-array natural |ogarithnpe

-array conmon | ogarithme

-array exponential function>
-array square root>

-array floor function>

-array ceiling function>

-array trigononetric functions
-array power function>

-array nodul us expressi onx

<
<
<
<
<
<
<
<
<
<

The functions marked with strike-threugh are not really induced operations and have been already covéred in
previops Subclauses of this Technical Report. Of the remaining, only <md-array power function> and £md-

array odul us expression=>Tare binary functions expecting an MD-array value asthefirst argument and ah MD-
array qr scalar value asthe’second argument:

<md- afray power~‘function> ::=
-array~power function left>

1§-array power function right>
-array power function both>

<md-afray power function left> ::=
PONER <l eft paren>
<md-array nuneric expressi on> <comma> <nuneric val ue expressi on>
<right paren>

<md-array power function right> ::=
PONER <I eft paren>
<nuneric val ue expressi on> <conmma> <nd-array NUumeri c expressi on>
<right paren>

<md-array power function both> ::=
PO/NER <l eft paren>
<nmd-array nuneric expression> <commua> <nd-array nuneric expression>
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<right paren>

<nd-array nodul us expression> ::=
<md- array nodul us function |eft>
| <md-array nmodul us function right>
| <md-array nodul us function both>

<md-array nodul us function left> ::=
MDD <l eft paren>
<md-array nuneric expressi on> <comma> <nuneric val ue expressi on>
<right paren>

<nmd-afray nmodul us function right> ::=

MOD| <l eft paren>
<nurmeric val ue expressi on> <conma> <nd-array numeric expression>
<ri ght paren>

<md- afray nodul us function both> ::=

MOD| <l eft paren>
<md-array nuneric expression> <commua> <nd-array nhuneric exprgssi on>
<riIht par en>

All ot

er functions are unary functions defined on a single MD-array argument:

<nmd- afray absol ute val ue expression> ::=
ABS|<l eft paren> <nd-array val ue expressi on> <right paren>

<md-afray natural logarithm ::=
LN §l eft paren> <nd-array val ue expression> <right. paren>

<nmd-afray comon |logarithnm ::=
LOGLO <l eft paren> <nd-array val ue expression> <right paren>

<nmd- afray exponential function> ::=
EXP|<l eft paren> <nd-array val ue expressi on> <right paren>

<nmd-afray square root> ::=
SQRT <l eft paren> <nd-array valme expressi on> <right paren>

<nmd-afray floor function> ::=
FLODR <I eft paren> <nd- array val ue expression> <right paren>

<nmd-afray ceiling function> ::=
{ CEILING| CEIL } <Reft paren> <nd-array val ue expression> <right paren>

<nmd-afray trigonometric function> ::=
<trilgononetricyhiunction nane> <l eft paren> <nd-array val ue expression> <right pargn>

The meaning of these functions is self-evident; Table 18, “Examples of induced function application tg MD-
arrays|, shews examples for the ABS and POWER functions. The <md-array value expression> constrjict is
more gomplex. Based on the operand types, a binary <md-array value expression> op can take one of the fol-

lowinaforms{A-and B-are MD-arravs. - cisascaarvaue).
I \ 7 =7 7

1) AopB
2) Aopc
3) copA
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Table 18 — Examples of induced function application to M D-arrays

Example Result

ABS( ker nel) MDARRAY [i (-1:1),

(1, 1, 1, 1, 8 1,

j(-1:1)]
1, 1, 1]

PONER( ker nel , 2) MDARRAY [i(-1:1), j(-1:1)]

Three
bel ow.
lists th

<nd- a

4 4 a1
| T TR TR T T TR T T 3

grammar rules for each operation cover these cases, respectively named as “both”, “left”., and “ri
Further down, Table 19, “ Operations corresponding to the <md-array val ue expression>grammar
e grammar rules and the corresponding operationsin a clearer way.

ray val ue expression> ::

<frd- array bool ean expression>

<md- a
<bo

<nmd- a
<nd

<nmd- a

ray bool ean expression> ::
-array bool ean ternp

-array bool ean expression |eft>
-array bool ean expression right>
-array bool ean expression both>

ray bool ean expression left> ::

{array bool ean expressi on> OR <bool ean terfi®

ray bool ean expression right> ::
| ean val ue expressi on> OR <nd-array bool ean ternp

ray bool ean expression both> ::
array bool ean expressi on> OR <pd-array bool ean ternp

ray boolean term> ::

<nmd- a
<nd

<
| <
<
<

<md- a
<bo

<nmd- a
<nd

-array bool ean factor>

-array bool ean term l-eft>
-array bool ean ternirjight>
-array bool ean t erm bot h>

ray boolean termyteft> ::
array bool ean term AND <bool ean factor>

ray boolean*termright> ::
| ean tery> AND <nd-array bool ean factor>

ray( bool ean term both> ::
afray bool ean term> AND <nd-array bool ean factor>

ght”
rules’,

<nmd-array bool ean factor> ::
[ NOT ] <nd-array bool ean test>

<md-array boolean test> ::
<nmd- array conparison expression> [

<nd-array conparison expression> ::

<nmd- array bool ean primary> ::

42 Multi-Dimensional Arrays (SQL/MDA)

<md- array bool ean pri
<md- array comnparison
<md- array comnparison
<md- array comnparison

IS[ NOT ] <truth value> ]

mar y>
expression |eft>
expression right>
expressi on bot h>
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<nmd-array primary>
| <parenthesized nd-array bool ean expressi on>

<par ent hesi zed nd-array bool ean expression> ::=
<l eft paren> <md-array bool ean expression> <right paren>

<md-array conparison expression left> ::=
<md-array nuneric expression> <conp op> <nuneric val ue expressi on>

<md-array conparison expression right> ::=
<nuneric val ue expressi on> <conp op> <nd-array nuneric expression>

<md- afray conparison expression both> ::=
<nmdjarray nuneric expression> <conp op> <nd-array numeric expression>

<nd-afray nuneric expression> ::=
<frd-array nuneric ternp
| <fqd-array nuneric expression left>
| <fqd-array nuneric expression right>
| <fgd-array nuneric expression both>

<nmd-afray nuneric expression left> ::=
<m§-array numeri c expression> <plus sign> <terne
| <pd-array numeric expression> <mnus sign> <ternp

<md-afray nuneric expression right> ::=
<muneric val ue expression> <plus sign> <nd-array nuneric ternp
| <mpumeric val ue expression> <m nus sign> <nd-array\.nuneric ternp

<md-afray nuneric expression both> ::=
<m§-array numeri c expressi on> <plus sign>:<nd-array nuneric ternp
-array numeric expression> <minus sign>'<nd-array nuneric ternp

N

afray numeric ternmp ::=
<frd- array nuneric factor>

| <fqd-array nuneric termleft>
<
<

-array nuneric termright>
-array nuneric term both>

<md-afray nuneric termleft> i'=
<m§-array numeri c term <asterisk> <factor>
-array nuneric ter.np<solidus> <factor>

N

<nmd-afray nuneric tepmvight> ::=
<fern> <asterigk><nd-array nuneric factor>
| <fterm> <solidus> <nd-array nuneric factor>

<md-afray nuperic termboth> ::=
<m§-array numeric ternm> <asterisk> <nd-array nuneric factor>
| <fqd-afray nuneric ternm> <solidus> <nd-array nuneric factor>

<nd-afray nuneric factor> ::=
[ <sign>] <nd-array nuneric primary>

<nmd-array nuneric primry> ::=
<nmd-array primary>

<nmd-array primary> ::=

<val ue expression primary>

<md-array subset>

<md- array val ue function>

<md-array field reference>

<md-array val ue constructor by enuneration>
<md-array val ue constructor by query>
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| <left paren> <nd-array val ue constructor by iteration> <right paren>
| <md-array val ue constructor by decodi ng>

<nd-array field reference> ::=
<md-array primary> <period> <field nane>

Table 19 — Operations cor responding to the <md-array value expression> grammar rules

BNF production Operation
<md-array boolean expression> oR
<md-array boolean term> AND
<md-array boolean factor> Unary NOT
<md-array boolean test> IS [ NOT ]
<md-array comparison expression> =, <>, <, >, >54<5
<md-array numeric expression> +, -
<md-array numeric term> *
<md-array numeric factor> Unary +, -
<md-array field reference> Select field
Table 20, “ Examples of induced MD-array expressions’, showsafew examples of induced MD-array exprgssions.
Table 20 — Examplés of induced MD-array expressions
Exellmple SQL fragment Result
Check which dements | ker nel 3*5 = MDARRAY [i(-1:1), j(-1:1)] [
of the MD-array are 5 <(kernel = Fal se, Fal se, False,
gregter than 5 (com- | NOT (kernel <='5) Fal se, True, False,
puté a threshol d). Fal se, Fal se, False]
Ree;ilace negative ele=” | kernel * CAST(kernel < 0 MDARRAY [i(-1:1), j(-1:1)] [
ments with a Q(zero). [ AS INT) = 0, 0, 0,
CASE WHEN kernel < 0 THEN 0, 8 0,
0 ELSE kernel END 0, 0, 0]
Negatgal elements. - ker nel MDARRAY [i(-1:1), j(-1:1)]
L L, I, I, -8, I, I, I, I
Calculate the sum of kernel + MDARRAY [i(-1:1), j(-1:1)]
two MD-arrays_ filter[ MDEXTENT(kernel)] [8, 11, 8, 11, 23, 11, 8, 11, 8]

The <cast specification> convertsan SQL value of acertain datatypeto another datatype. SQL/MDA overloads
this operation on MD-arrays to allow induced cast to a new element type. This is done with an alternative of
<cast target> that allows specifying the new element type:

<nd-array base type cast> ::=
<data type> MDARRAY
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Another aternative allows combining the above case with renaming the M D-axes (cf. Subclause 6.4.5, “MD-
axisrenaming”):

<nmd-array cast> ::=
<data type> MDARRAY <nd-array axi s names>

Table 21, “Example of induced MD-array casting”, below illustrates the overloaded CAST operator.

Table 21 — Example of induced M D-array casting

Example Result

CAST(kernel AS FLOAT MDARRAY) MDARRAY [i(-1:1), j(-1:1)] [
-1.0, -1.0, -1.0,
-1.0, 8.0, -1.0,
-1.0, -1.0, -1.0]

Finally, the <case expression> is overloaded to allow boolean M D-arrays asthe search conditionsin a<sgarched
when ¢lause>. All search conditions are required to be boolean MD-arrays (of equal MD-extents D) injthe
induced case expression; the corresponding <result>s can be either MD-array-or scalar val ues.

hed when cl ause> ::=
't Al alternatives from[|S®075-02]
| WHEN <nd- array bool ean expression> THEN <result>

<sear

other induced operations, the result is an MD-array ef M D-extent D (same as the MD-extent of the
N\ D-arrays), while its elements are computed as follows. For each coordinate P in D:

Aswi
input

— Iffan <md-array boolean expression> in the WHEN)Clause exists, such that the value of its element at
cqordinate P is True, let R be the value of the <result> of the first such WHEN clause.

Otherwise, let R be the value of the <result> specified in the EL SE clause. If the EL SE clause is ofnitted,

then Ris the null value.
The element at coordinate P in the resultMD-array is set to Rif Risnot an MD-array value; otherwisg it is
set to the element in R at coordinate'R.

Table 22, “Examples of induced CASE expression”, shows some examplesillustrating the use of thisipduced
operatjon.
Table 22 — Examples of induced CASE expression

Example SQL fragment Result

Replace negative ele- | CASE MDARRAY [i(-1:1), j(-1:1)] [

ments with ao(zero), WHEN kernel <= 0 o, 0, O,

and-positive with 1 THEN O ELSE 1 0, 1, 0O,

(oné) END 0, 0, 0]

©ISO/IEC 2019 — All rights reserved

SQL/MDA operations 45


https://iecnorm.com/api/?name=25f09370c6edff8b1b99fae933180819

ISO/IEC TR 19075-8:2019(E)
6.5 MD-array deriving operators

Example SQL fragment Result

Colorizean MD-array | CASE
with “traffic-light” WHEN filter < 10

6.5.5

MD-afrays in which each element is a composite value consisting of two or more fields are very comm
practide. For example, standard color images typically have red, green, and blue channels, wind dataw|
have U and V components, hyperspectral satellite imagery has many bands covering different wavelen
(e.g., landsat 8 has 11 bands, Mars data from CRISM has 544 bands, etc.). It would be very useful to

tocr
perfor
follow

<nd- a
MDJ

<ri ght paren>

<nmd- a
<ol

MDJO
inthe
inthe

RGB colorschere | 1S (E5500 JERE
geolergc?;:;crses(rjn leserrgan THEN (255, 255, 0)

e 10 135 | S8 (02550 o - S
yellow, and greater |
than 12 as green). VAIRE IE" D

nEEY

Figure 15— Colarized array

Join MD-arrayson their coordinates

e and export such MD-arrays, in order towisualize the result as an RGB image for example, aki
ing aJOIN on the MD-array's coordinates. Thisis supported by an MD-array constructor defin

192)

ray val ue constructor by jQi-h> ::=
DI N <l eft paren>

<nmd- array val ue exprgessi-on as field> <comma> <nd-array val ue expression as fie
[ { <comma> <nd-array-val ue expression as field> }... ]

ray val ue expression as field> ::=
array val ue _expression> [ AS <field name> ]

IN performsajoin ontwo or more MD-arrays of equal M D-extentsbased on their coordinates. An g
esulting'MD-array isarow value constructed from the corresponding elements of each input MD
brder-inwhich they have been specified.

The fi

j d\names of each element in the result can be

— Explicitly specified with AS <field name>.
— Implicitly generated as FIELD1], ..., FIELDN, where N is the number of MD-array operands.

on in
puld

ths

e able
nto
ed as

| d>

ement
-array,

Table 23, “Examples of MDJOIN”, shows some examples; A isthe MD-array value MDARRAY [x(0:2)] [1,
2, 3] with declared type SMALLINT MDARRAY [x(0:2)], and B is the MD-array value MDARRAY [x(0:2)]
[4.1, 6.12, -0.2] with declared type FLOAT MDARRAY [x(0:2)].
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Table 23 — Examples of MDJOIN

Example Result type Result value

MDIO N(A, B, A ROW FI ELD1 SMALLI NT, MDARRAY [ x(0: 2)]
FI ELD2 FLOAT, [ RON1, 4.1, 1),
FI ELD3 SMALLI NT) ROW 2, 6.12, 2),
MDARRAY [ x(0: 2)] RON 3, -0.2, 3) ]

MDIPD N(A AS red, ROWred SMALLI NT, MDARRAY [ x(0: 2)]

B AS green, green FLOAT, [ ROW1, 4.1, 1),

A AS bl ue) bl ue SMALLI NT) RON 2, 6.12, 2),
MDARRAY [ x(0:2)] RON(3, -0.2, 3) ]

6.6 | MD-array aggregation

6.6.1 | General aggregation expression

An <md-array aggregation expression> allows aggregating MD-arraysinto asingle scalar value. Let's $tart
with the grammar definition:

<nmd- afray aggregati on expression> ::=
MDAGGREGATE <nd- array aggregati on operator>

OVER <nd-extent alternative>

USI NG <val ue expression primary>

[ WHERE <search condition> ]

<nmd- afray aggregati on operator> A=
<plds sign>| AND| OR| MAX,| ™M N

Generally, the structure looks soméwhat similar to the <md-array value constructor by iteration> (Subclausg 5.4.4,
“Congfruction by implicit iteration”). An <md-extent alternative> similarly defines an implicit loop over all

the cogrdinates within the specified M D-extent, and for each coordinate P, a <value expression primaryp> VEP
isevalliated. The M D-axis names defined by the <md-extent aternative> can be referenced asMD-axis variables
in the $ame way. <md-array aggregation expression> does, however, introduce two new constructs.

An <md-array aggregation operator> allows the specification of the operation that is used to aggregate the
values|of all VEP! This operation is required to be a binary function defined on the type of VEP for which an
identit eIement exigts; furthermore it should be commutative and associ ative properti%that ad in query
nction,
the

|dent|ty elements for each operator

Table 24 — I dentity elementsfor the <md-array aggregation oper ator >s

Operation Identity element
<pl us 0

si gn>

AND True
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Operation I dentity element
OoR False
MAX implementati on-defined mini-

mum value (theoretically —)

M N implementati on-defined maxi-
mum value (theoretically +)

Optior
be eval

does npt contribute to the aggregation result. Most commonly thisis used to filter out the null'value ele
Table 25, “Examples of general MD-array aggregation”, illustrates general M D-array aggregation.

6.6.2

Based
Specifi
<nd- a

<nd

<nd- a
MDA
| M

ally a <search condition> SCP can be specified, allowing filtering the coordinates for whic¢h)VE
uated: if SCP evaluatesto True for a coordinate PM, then VEP is evaluated; otherwise, it i $'skipp

Table 25 — Examples of general M D-array aggregation

Example SQL fragment Result
Calculate the sum of | MDAGGREGATE + 0
al elements. OVER MDEXTENT( ker nel )
USI NG kernel [i, j]
Calculatethe sum of | MDAGGREGATE + -8
al dementssmaller | OVER MDEXTENT(ker nel )
than 5. USI NG kernel [V, j]
VWHERE kernel'[i, j] <5

Shorthand aggregation functions

on the general MD-array aggrégation expression introduced in the previous Subclause, SQL/ML
s several commonly useful aggregation functions. They are syntactically defined as follows:

ray aggregation.function> ::=
array aggregation function nane>
<l eft paren>‘<nd-array val ue expressi on> <right paren>

ray aggregati on function name> ::=
L | MDANY | MDAVG | NMDCOUNT | MDCOUNT_FALSE | MDCOUNT_TRUE | NMDCOUNT_UNKNOMWN |
DM N~ \_NDSUM

D will
ed and
ments.

A

VDIVAX

Table

6, “Predefined aggregation operators’, below lists all aggregation functions, along with their <mdi-array

aggregation expression> definitions. Tn that table, Aisanumeric MD-array, B is aboolean MD-array, and C
isan MD-array of any element type. All are of the same MD-dimension d and the same MD-extent D, denoted
as[N1(LOq : HI9), ..., Ng(LOgq : Hig)].
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Table 26 — Predefined aggregation operators

Function Description Definition
NDSUM A) Sum of al elements of A MDAGGREGATE +
OVER D
USING A[N;, ..., Nyl
WHERE A[N;, ..., Ng] |'S NOT NULL
MDAVG(|A) Average of all elementsof A | CASE
VHEN MDCOUNT(A) = 0 THEN NULL
ELSE MDADD(A) / NMDCOUNT(A) END
VDM N([A) Minimum of al elements of A | MDAGGREGATE M N
OVER D
USING ALN;, ..., Nyl
VHERE Al Ng, ..., Ngl-¥S NOT NULL
VDMVAX([>A) Maximum of all elementsof A | MDAGGREGATE MAX
OVER D
USI NG A[ Ny~ s, Nyl
WHERE Al N~ .., Ng] |'S NOT NULL
MDCOUNT( C) Number of non-null elements | MDAGSREGATE +
inC OVERYD
WSI'NG 1
VWHERE C[ Ng, ..., Ng] 1S NOT NULL
MDCOUNT _TRUE( B) Number of True non-null 'ele- | MDAGGREGATE +
mentsin B OVER D
USI NG CASE
VWHEN B[ N;, ..., Ny] THEN 1
ELSE 0 END
VWHERE B[ N;, ..., Ng] 'S NOT NULL
MDCOUNT_FALSE( B) | Number-of False non-null ele- | MDCOUNT_TRUE(B | S FALSE)
mentsin B
MDOOUNT_UNKNOAN B) % Nlumber of Unknown non-null | MDCOUNT_TRUE(B 1S UNKNOWN)
elementsin B
VDANY((B) Isthere any element in B with | MDAGGREGATE OR
value True? OVER D
USING B[ N;, ..., Nyl
WHERE B[ N, ..., Ng] 1S NOT NULL
VDALL( B) Do all elementsin B have VDAGGREGATE AND
value True? OVER D
USING B[ N;, ..., Nyl
WHERE B[N;, ..., Ng] IS NOT NULL
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7.1 Introduction to remote sensing example

7.1 Introduction to remote sensing example

Remotle sensing is avery dynamic field, with ever-evolving data analysi s techniques guided by modern, more
advanged satellites, and increasingly powerful computing hardware. Flexible and scalable softwaretoolgin this
context are essentia for enabling and supporting the agile pace at which remote sensing is advancing. This
clausefshows how several standard remote sensing operations can be performed with SQL/MDA, like and
math, gomputing histograms, band swapping, detecting changes in time, or extracting specific featuresjfrom

raster {mages.

7.2 | Datasetup

The edamples in the following Subclauses use Landsat 5 Thematic Mapper (Landsat TM) data. The Landsat
Themdtic Mapper sensor was carried on board Landsats 4 and 5 from July 1982 to May 2012, with a 16-day
repeat [cycle. The produced multispectral data has six non-theral bands plus one thermal band (Table p7,
“Landgat TM bands”), all with spatial resolution of 30 meters, the approximate scene sizeis 170 km narth-

south by 183 km east-west.

Table 27 — Icandsat TM bands

Band Wavelength
bl — blue 0.45-0.52
b2 — green 0.52-0.60
b3 — red 0.63-0.69
b4 — near infrared 0.77-0.90
b5 — shortwave IR 155-1.75
b6 — thermal 10.40-12.50
b7 — mid-wave IR 2.09-2.35

Suppose one wants to maintain a database of Landsat TM scenes. Thefirst step isto create the table schema,
which contains metadata about every scene, including acquisition date and quality estimate, and WRS
path/row/type, etc., aswell as the 7-band satellite image itself:

CREATE TABLE Landsat TM (

id | NTEGER PRI MARY KEY,

acqui sition DATE,
wrs_pat h | NTECER,
wrs_row | NTEGER,
wrs_type SMALLI NT,
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acquisition_quality SMALLI NT,
scn LSPi xel MDARRAY [Xx, y] )

The column holding the 7-band satelliteimageis of type MDARRAY with two axes, x and y, and a user-defined
element type LSPixel, created as follows:

CREATE TYPE LSPi xel (
b1l SMALLI NT,
b2 SMALLI NT,
b3 SMALLI NT,
b4 TS
b5 $MALLI NT,
b6 $MALLI NT,
b7 $MALLI NT )

I nsert & scene capturing the shore of Mississippi/Alabamaalong the Gulf of Mexico from 20X1-10-03 (Figure 16,
“Visible color (RGB) bands of aLandsat TM scene”):

I NSER[ | NTO Landsat T™M
VALUES (15, 2011-10-03, 21, 39, 2, 9, MDDECODE(?, 'inmge/tiff'))

The'?|in the insert query is substituted by the SQL client with the contents of-the corresponding TIFF file.
Assumje that the implementation supports decoding from TIFF, as indicatedwith the media type 'image/tiff';
MDDECODE then converts the format-encoded TIFF data to the internal MD-array representation.

Figure 16 — Visible color (RGB) bandsof aLandsat TM scene
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