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Foreword

:2021(E)

ISO (the International Organization for Standardization) and IEC (the International Electrotechnical
Commission) form the specialized system for worldwide standardization. National bodies that are
members of ISO or IEC participate in the development of International Standards through technical
committees established by the respective organization to deal with particular fields of technical activity.
[SO and IEC technical committees collaborate in fields of mutual interest. Other international organizations,
governmental and non-governmental, in liaison with ISO and IEC, also take part in the work.
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ument was prepared by Technical Committee ISO/IEC JTC 1, Information technology, Sibcom-
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A list of all parts in the ISO/IEC 19075 series can be found on the ISO and [EC websites.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found atwww. i so. or g/ nenbers. ht Ml and ww. i ec. ch/ -
nati onal -conmittees.
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Introduction

:2021(E)

This document describes the definition and use of multidimensional arrays in SQL. Multidimensional
arrays represent a core underlying structure of manifold science and engineering data. It is generally
recognized today, therefore, that arrays have an essential role in Big Data and should become an integral
part of the overall data type orchestration in information systems. This document discusses the syntax

and semantics of operations on the MD-array data type defined in ISO/IEC 9075-15.

. . Cal " 1 . £-11
The Orgc HIZ4dUOIT O UILS QOCUIIICIIU IS 45 TOIIOWS.

1) Cladse 1, “Scope”, specifies the scope of this document.

2) Clayse 2, “Normative references”, identifies standards that are referenced by this@ecument.

3) Clayse 3, “Terms and definitions”, defines the terms and definitions used in this document.

4) Clayse 4, “Multidimensional arrays (MDA) concepts”, introduces the concept of Multidimer

Arrgys.
5) C(layse 5, “SQL/MDA data model”, introduces the data model.
6) Clayse 6, “SQL/MDA operations”, covers the supported operations on MD-arrays.

7) Clayse 7, “Remote sensing example”, illustrates the supported functionality through realistic e

1sional

kamples.
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INTERNATIONAL STANDARD ISO/IEC 19075-8:2021(E)

Information technology — Guidance for the use of database language SQL —

Part 8:
Multidimensional arrays

1 Scape

This doqument describes the definition and use of multidimensional arrays in SQl4 Multidimensional
arrays r¢present a core underlying structure of manifold science and engineering'data. It is genlerally
recogniZed today, therefore, that arrays have an essential role in Big Data and slieuld become ar] integral
part of the overall data type orchestration in information systems. This do¢ument discusses the¢ syntax
and semiantics of operations on the MD-array data type defined in ISO/IEC9075-15.
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2 Normative references

The following documents are referred to in the text in such a way that some or all of their content consti-
tutes requirements of this document. For dated references, only the edition cited applies. For undated
references, the latest edition of the referenced document (including any amendments) applies.

ISO/IEC 9075-1, Information technology — Database languages — SQL — Part 1: FrameworH
(SOL/fFramework)

ISO/IEC 9075-2, Information technology — Database languages — SQL — Part 2: Feundation
(SQL/Foundation)

ISO/IEC 9075-15, Information technology — Database languages — SQL — Part 15: Multidinlensional
Arrays (SQL/MDA)

2 © ISO/IEC 2021 - All rights reserved
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3 Terms and definitions

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

:2021(E)

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

— IEC
— ISO

3.1
coordi
non-em

3.2
cardina
number

3.3

MD-array

ordered
associat

tectropediaravailable at it tpr 77 W et ect Topedi a. or g7

Dnline browsing platform: available atht t p: / / www. i so. or g/ obp

te
ty ordered list of integers

ity

of elements in an MD-array

collection of elements of the same type associated with an MD-extent where each elemsg
bd with some coordinate within its MD-extent

Note 1 t¢ entry: A coordinate is within an MD-extent if\every coordinate value from the integer

greater t
the MD-

3.4
MD-axis
named N
3.5
MD-dini
number

han or equal to the lower limit, and less than'or equal to the upper limit of the MD-integ
hxis at the position in the MD-extent as the-.coordinate value has within the coordinate

D-interval

ension
of MD-axes in the MD-extent of an MD-array

Note 1 t¢ entry: Also known as “rank” outside of SQL/MDA

3.6
MD-exte

tnt

non-empty ordered collection of MD-axes with no duplicate names

3.7

MD-inte

entis 1:1

listis
rval of

rval

integer interval given by a pair of lower and upper integer limits such that the lower limit is less than or

equal to

the upper limit; the interval is closed, i.e.,, both limits are contained in it
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4 Multidimensional arrays (MDA) concepts

4.1 Context of multidimensional arrays

The requiirements for the material discussed in this document shall be as specified in ISO/IEC 9

and ISO

4.2 Concept

The phrase “(Multidimensional) array, raster data” is used to refer to arrays generally, in contra
MD-arraly term confined to the realm of SQL/MDA. It is not to be confusedwith the term “array” in
9075-2. [This document uses the term ARRAY for the original SQL array)collection type.

The array concept is a simple and efficient data representation thatfinds its use in a wide array

busines{
processe

data. Thgse data may be naturally arranged along more tharrone axis: position and time, for ex

conside
admitte
ticular p

A multiqmensional array (MDA) is a set of elements ordered in a multidimensional space. The

An elem

value (sych as integer triples for the red;green, and blue components of a true-color image). All ¢

of an arr

43

Large maﬂltidimensional arrays in particular represent a prevalent data type across most scientific

with ex
time-serj

[EC9075-15.

-related as well as scientific and engineering. Many sensors, images, image time-series, si
s, statistical models, and so on, produce raw data that can immediately be classified as

ed here is discretized (also called rasterized or gridded), that is, only integer coordinat
as positions of the individual array elements. The number of integers needed to refer
psition in this space is the array’s dimé&nsion (sometimes also referred to as its dimensi

ay share the same structure; Feferred to as the array’s element type.

Why consider support for MDA in SQL?

ples inicluding 1-D sensor data, 2-D satellite images and microscope scans, 3-D x/y/t
ies and%/y/z voxel models, as well as 4-D and 5-D climate models.

075-1

st to the
ISO/IEC

of fields,
mulation
array
hmple.

space
es are

to a par-
onality).

ent can be a single value (such as an intensity value in case of greyscale images) or a cqmposite

lements

Homains,
image
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4.3 Why consider support for MDA in SQL?

Figure 1(—Aerial greyscale image of size 1024x1024 (San Diego)

In array fterms, the image in Figure 1, “Aerial greyscale image of size 1024x1024 (San Diego)”, i$ a 2-

dimensipnal array'of unsigned 8-bit integer elements positioned at coordinates in {0, 1, ...,

1023)2 space.

Arrays rarely occur isolated in practice and are typically ornamented with metadata and embedded in

larger oy
array DB

This suggests that integration of array querying into a standardlzed framework like SQL isa loglcal next
step that will benefit the communities dealing with multidimensional array data in 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.

© ISO/IEC 2021 - All rights reserved
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4.4 Array representations

4.4 Array representations

The encoding and decoding function semantics for other external representations are implementation-

defined.

Examples may include data in such representations as PDFE, JPEG, PNG, and XML.

4.5 Use cases for MDA support in SQL

4.5.1

The que

The use cases

stion posed by this use case is “How is array data acquired using SQL?”

Following are the primary use cases that support for multidimensional arrays in(the SQL-envir
is required to satisfy.

— Arrgy data ingestion and storage.

— Inte

prated querying of array and relational data,

— Updating stored array data.

— Exp
The follg

brting arrays.

4.5.2 Array data ingestion and storage

The que

As discul
In order
fits with
impleme
into SQL
which is

What “d
physical
do notd
for JSON

stion posed by this use case is “How is array data acquired using SQL?”

to work with them in a generic way in SQL, it is necessary to build an abstract data mo

then inserted into an MDARRAY column of an appropriate type.

ecode” means in practice depends on many factors, including the data format, the deta
storage.of MD-arrays in a specific DBMS, system architecture, etc. This document and the
ve into.these technical details of array data ingestion beyond providing a default speci

bnment

wing Subclauses discuss these use cases in greatér detail, and how SQL/MDA address¢s them.

ssed earlier in Subclause 4.4, Array representations”, arrays exist in a wide variety of formats.

del that

the SQL philosophy. The'MD-array as defined by SQL/MDA provides exactly such a data model,
nted as a new attribuite type MDARRAY. Ingestion of array data encoded in an external format
involves transforming it or decoding it into an instance of the internal MD-array data nodel,

Is of
btandard
fication

ericoded arrays and a suitable interface for implementations to attach their ingestion extensions.

It is worth discussing the storage data model here. The several possibilities are:

— MD-array as a first-class object in the same way that SQL tables are.

— Direct mapping of SQL tables into MD-arrays.

— Store within an opaque data type (SQL string or Large Object for example).

— A dedicated column data type with well-defined semantics.

MD-array is a simple data structure defined by a list 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

© ISO/IEC 2021 - All rights reserved
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4.5 Use cases for MDA suppo

:2021(E)
rtin SQL

functions, allowing working with values with clearly defined semantics within the SQL-environment. It
is minimally intrusive to the SQL standard, while it nevertheless supports all of the requirements identified
in this document.

4.5.3 Integrated querying of array and relational data

As was introduced in the previous Subclause, MD-arrays are stored within a new collection data type
MDARRAY that is manipulated through a functional and operational interface described in this document.

This is s
is richer.
numeric
SQL que
and vice

4.5.4 |\

Read-on
produce
observat

'y mechanics are unchanged. In addition, it is possible to generate an SQL tablefrom an
Lversa, an MD-array from an SQL table with the appropriate structure.
Jpdating stored array data

y access to MD-array data is clearly insufficient. Array data isévery often continuously and

ion images as it orbits around the Earth. In addition,a single array can exceed terabyts

and for
MD-arr

updating of entire MD-array values, as well as specific subsets of an MD-array.

4.5.5

Frequently the result of operations on MD-arrays will be an MDarray, which needs to be export

some ex
Subclaus

4.6 Non-Use cases: Direct access to external array data

All acces
to queryj
then ins

ractical reasons it might be split into multiple smaller arrays; ingesting them all into a
column requires piece-wise extension and updating of the column. Therefore, SQL/MD

xporting arrays

fernal representation. This is'the counterpart of array data ingestion discussed previou
e 4.5.2, “Array data ingestion and storage”.

s to arraydata requires that the array data is first imported into the SQL environment.
externalarray data using SQL, applications are required to access external arrays then
brithose data into MD-array values, perhaps by using the MDDECODE function.

milar to the existing ARRAY and MULTISET collection data types, except that the operdtion set
Integration with other data types is seamless (e.g., multiplying the values of all eléments of a
MD-array column A with the single value of a numeric column Cis simply A * C)sand th¢ general

D-array

regularly

d, e.g.,, a temperature sensor taking a reading every hourxora satellite periodically taking earth-

s in size,
single
A allows

ed using
sly in

In order
1selves,
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5 SQL/MDA data model

5.1 Data model concepts

The SQL

MDA model is essentially represented by the concept of MD-array. It is necessary to.clearly

distingujsh between array values “outside” the DBMS, and their analogs “inside” the DBMS{ Thg the fol-

lowing donvention is used:

— Thefterms “array”, “multidimensional array”, and “MDA” refer to array values external to the SQL-

environment, encoded in a particular format like TIFF, netCDF, HDF5, JSON, ete,

— Thelterms “MD-array” and “SQL/MDA” refer to constructs within the SQL*environment.

The relat
and SQL,|

5.2 MD-array

)

ionship between “MDA” and “SQL/MDA” is illustrated in Figure 2¢“Relationships betw¢en MDA
MDA".

> decode > ‘SQL/
< encode = | MDA

Figure 2 — Relationships bétween MDA and SQL/MDA

MDA

MD-arraly values are inputs of all SQL/MDA operations, and most often the outputs. Figure 3, “The
structurg of an MD-array value illustrated on a sample 3x3 array”, shows the structure of a sample MD-

array va

ue.
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element at
] I+ -1-11-1 coordinate [1,0]
MD-axis 4 -

i1

f SES BN S S

1 L

defi

“An
the

is n¢ different from thefexisting ARRAY and MULTISET.

«

W
othd

2 1

MD-array type definition

\ — >
-1 0 1 1
- lower upper axis
MD-extent limit limit name
[i(-1:1), j(-1:1)] — —
MD-axis
i(-1:1)

Figure 3 — The structure of an MD-array value illustrated on a sample 3x3 array

[ype definition concepts

hition of an MD-array (see Clause)3, “Terms and definitions”) is a good starting point in
ind what components are needed for the type of an MD-array:

MD-array is an ordered collection of elements of the same type ..” So, one thing needed t
ype of an MD-array is the type of its elements, more specifically known as the element t]

here each element is 1:1 associated with some coordinate within its MD-extent.” Henc
r part needed\is an MD-extent that delimits the coordinates of the elements in an MD-3

flément type

order to

b specify
pe. This

b, the
Array.

MD-arrays stand out from the spectrum of collection types in that the storage location of an element can
be derived directly from its coordinates, which makes storage and access particularly efficient. This
requires that all 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)

2)

Nesting an MD-array of MD-dimension d into an MD-array of MD-dimension d; can equivalently be
modeled as a single MD-array of MD-dimension dq+d;.

[t keeps the data model simpler and more consistent in that all collection types are disallowed, and
no handling specifically of MD-arrays is needed.
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array type definition

All in all, any SQL data type is allowed to be an element type of an MD-array, except for collection-con-
taining types. A data type TY is collection-containing if exactly one of the following conditions is true:

— TYis a collection type.

— TYisarow type, and the declared type of some field of TY is a collection-containing type.

— TYis distinct 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 ll/lD-dimension

The MD-

MD-arralys of different MD-dimensions are fundamentally different. Therefore, an’MD-array tyq]

specifies

An MD-3

upper limit.

5.3.4 MD-axis names

The nan
refer to ]
MD-axes
y/x imag
MD-axis
a CAST v

5.3.5 MD-axis lower and upper limits

The low

with different lower and-upper limits might still be related to each other, as the following exam

trates.

Suppose
SQL/MD
“height”

dimension is an essential property of an MD-array that indicates how manyMD-axes it

a certain MD-dimension admits only MD-array values of that MD-dimension.

rray has an MD-extent that is a list of MD-axes. Each MD-axis has 4 name, a lower limit]

e of an MD-axis uniquely identifies that MD-axis,which becomes relevant in operation|
he MD-axes of an MD-array. In operations on twgor more MD-arrays, the names of corres
are required to be the same; a regular 2D x/y image is completely different from a trat
e, after all. [t might happen that some MD-drrays correspond semantically, while the corre
names are different (for example, “t” inlone MD-array and “time” in another); SQL/MDA
ariant for such cases that allows explicitly renaming the MD-axis names.

er and upper limitsiofithe MD-axes are not fundamental to the nature of an MD-array. M

there exist greyscale satellite images of each country in the world in the same resoluti
A they would be 2-dimensional MD-arrays of different sizes (the “width” of the first MD
of thie second MD-axis), as there are smaller and larger countries. In a “map” of the whqg

has. Two
e that

and an

s that
ponding
1sposed
ponding
provides

D-arrays
ple illus-

pn. In
axis and
le world

in the same resolutionl, the MD-array for each country would be placed at a different position

bn the

overall map (Figure 4, “Placement of satellite images of each country on a world map (from Geographic
Bounding Boxes)”, i.e.,, the lower and upper limits of its MD-axes would be different from those of other
MD-arrays. Nevertheless, they are related to each other, and it would be beneficial to possibly to put
them in a single MDARRAY column, connecting them to further columns holding metadata like the

country

name, geographic boundaries, population, etc.

1 “resolution” refers to the real size of a single pixel, e.g.,, 30 meters

10
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Figune 4 — Placement of satellite images of each country on a world map (from Geographic
Bounding Boxes)

Therefore, MD-array values can have varyinglower and upper limits. The MD-array type can optionally
be declafed with minimum lower and maxithum upper axis limits; if no limit is defined for an ayis, it can
extend tp the implementation-defined axis limit.

5.3.6 Putting it all together

Stepping through the MD-array type definition rules of Subclause 8.1, “<data type>”, in ISO/IE( 9075-
15:

<nmd-arrfy types =
<dat a|t ypex=~MDARRAY <nmaxi num nd- ext ent >

keyword
aximum

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

<maxi mum nmd-axis 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> [ { <comma> <nmaxi mum nd- axi s anonymous> }... ]

© ISO/IEC 2021 - All rights reserved 11
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A maximum MD-extent is either a list of “regular” maximum MD-axes, or a list of “anonymous” maximum
MD-axes. The difference becomes clear in the grammar rules below. It is worth mentioning here that the
list of MD-axes is 1-relative; this is most relevant in functions which return the axis name given its index,
or vice versa, as described later in this document.

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

<nd- axi s nane> ::=
<i denf{ttTer

<maxi mun nd- axi s anonynous> :: =
<maxi frum nd-axi s lower |imt> <col on> <maxi mum nd-axi s upper limt>

Regular kmaximum md-axis> has a mandatory MD-axis name, while <maximum md-=axis anonymous>
drops thie need for an MD-axis name. This is just a convenience construct: sometimes the namep are
irrelevamt. However, for consistency and simplicity, ISO/IEC 9075-15 assumes,that MD-axes always have
a name. Po, in this case, default MD-axis names are automatically generated-(see Subclause 8.1,|“<data
type>" i ISO/IEC 9075-15) in the form of “D1” for the first MD-axis, “D2/ for the second, and s¢ on.

The othgqr difference is that the regular <maximum md-axis> can be specified with just the MD-axis name,
while legving out the lower and upper limits; in the case of <maximum md-axis anonymous>, this is not
really pdssible, as then there would be nothing to indicate the presence of an MD-axis. Leaving put the
maximum limits means that no maximum lower nor upper limits are enforced on a particular ND-axis.

<mexi mum nd-axis lower limt> ::=
<nd-akis limt>

<maxi mup nd-axi s upper limt> ::=
<md-axis limt>

<md-axi$ limt> ::=
<nmdiaxis limt fixed> | <asterisk>

<md-axi$ limt fixed> ::=
<signed nuneric literal >

A maximjum MD-axis limit can be specified as an integer literal, but can also be specified with a “['”, which
marks that a particular lowerior upper limit of an MD-axis should not be checked against any njaximum
value. Sq, specifying a “*~for both the lower and upper limits of an MD-axis is equivalent to leaving them
out altogether.

Table 1, [Examples©f MD-array type definitions”, illustrates these concepts with a couple of examples.

Table 1 — Examples of MD-array type definitions

Example SQL type definition

1-D MD-arrays of floating-point FLOAT MDARRAY [tenp(0:99)]
elements, with possible coordi-
nates from [0] to [99]. The single
MDaxis is called temp, short for
temperature.

Same as the previous example, FLOAT MDARRAY [tenp(*:99)]
except that the allowed coordi-
nates are now from [- =] (theoret-
ically) to [99].
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Example SQL type definition

Allow any coordinates. FLOAT MDARRAY [tenp(*:*)]

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

2-D MD-arrays of integer ele- | NT MDARRAY [*:*, 6 *:%*]
ments, with no upper/lower limits
on the coordinates. The MD-axis
names are not specified (anony-
mous).

2-D MD-arrays of integer elements | SMALLI NT MDARRAY [i(-1:1), j(-1:1)]
and njaximum size 3x3 elements.
The MD-axis names are i and j.

3-D MD-arrays corresponding to | SMALLI NT MDARRAY [t (0:*), x(0:7999)5)y(0:7999)]
time-$eries cubes of satellite
imaggs over a certain area. The
time MD-axis t has no upper limit,
allow]ng new images to be
appended to each cube indefi-
nitely]

2-D MD-arrays of maximum size | CREATE TYPE RGBPR{xel AS (

1024x1024, correspondingto RGB | red SMALLI NT, green SMALLINT, bl ue SMALLINT )
imaggs (having red, blue, and RGBPi xel MDARRAY [ x(0:1023), y(0:1023)]
green|channels as 8-bit unsigned
integér components).

5.4 MD-array creation

5.4.1 MD-array creation concepts
There are several ways to introduce MD-array values into the SQL-environment “from scratch” Ji.e., the
oppositqg of deriving from existing MD-array values:

1) Indjrect-enumeration, all the MD-array’s elements can be listed in row-major order (unrelated to
any [intetrnal array representation).

2) Atabular query result can be converted to an MD-array if it is in the appropriate structure.

3) MD-array constructor by iteration allows the generation of all elements of an MD-array by evaluating
a coordinate-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 is commonly required to explicitly specify the MD-extent of the created MD-array, as it
cannot be generally 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 MD-extent, which allow omission
of the MD-axis limits from the type definition. This ensures that every MD-array value in the SQL environ-
ment has a precisely defined MD-extent.

© ISO/IEC 2021 - All rights reserved 13
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array creation

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> (MDEX-
TENT) function:

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

<nd-extent> ::=

<l eft bracket or trigraph> <nd-axis list> <left bracket or trigraph>
<nd- axi g—H-st=—=—=
<md- akxi s> [ { <comma> <nd-axis> }... ]
<nmd- axi $> ::=
<md- axi s nanme> <l eft paren>
<fd-axis lower limt> <colon> <nd-axis upper limt> <right paren>

<md- ax
<nune

<nmd- axi
<nume

<md- arr
MDEXT

The follg

54.2 1

In direct]
required

Fora 2-d
then all 4
(last) Ml

Mathem
Suppose

HIj)]. Le
D is give

1+ LA

5 lower limt> ::=
i ¢ val ue expression>

5 upper limt> ::=
i ¢ val ue expression>

hy subset extent> ::=
ENT <l eft paren> <nd-array val ue expression> <right paren>

wing Subclauses present each case in detail.

Explicit element enumeration

enumeration, all of an MD-array’s-elements can be listed in row-major order; the MD-gxtent is
to be specified with an <md-extent alternative>.

imensional matrix, “row-major order” means that all elements of the first row are listed|in order,
lements of the second row;etc. This is easily generalized to multiple dimensions: the infier-most
D-axis varies fastest, follewed by the second last MD-axis, and so on.

btically, the multidimensional coordinate to linear index translation can be specified ad follows.
an MD-array ofMD-dimension d, with an MD-extent D denoted as [N1(LOq : HI4), ..., Nj(LO,; :

t E;be HI; - LOj+1. The row-major linear index (starting from 1) of a coordinate [Py, ..., Pj] within
h by:

d d
g+ Eg»(LPgq +Egq+ (m+Ey-LP;)..)=1+2_,LP;-T1 i1 Ej

2
where LI i=Fi—LU;".

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

<nmd- array val ue constructor by enuneration> ::=
MDARRAY <nd-extent alternative> <nd-array elenment |ist>

<nmd-array elenent list> ::=

<l eft

bracket or trigraph> <nd-array element |ist inner> <right bracket or trigraph>

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

2 This is necessary in order to normalize the coordinate to an origin coordinate of [0, ..., 0], rather than [LOy, ..., LO4]

14
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<nmd-array elenent> ::=
<val ue expressi on>

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

Table 2 — Examples of MD-arrays constructed by element enumeration

Example SQL fragment

1-D MD-array of 10 floating-point -0.34, 0.1,."nJ12,
elemgnts at coordinates ranging
from [10] to [19]. The element at
coordjinate [10] is -0:5, at [11] is

-1:5, and so on.

MDARRAY [tenp(10:19)] [-0.5, -1.5,
0.34, 1.5, 0.2, 1.15, 0.033]

2-D3
show
of an

k3 convolution kernel, as -1n\=1, -1, 8, -1

hon Figure 3, “The structure | - 1,
MD-array value illustrated

MDARRAY [i(-1:1),
-1]

-yl [-1,

onas
ment
which
<md-{
eleme

are -1.

ample 3x3 array”. The ele-
at coordinate [0;0] is 8,

is the fifth element in the
irray elementlist>, while the
nts at all other coordinates

3-D 2]
INT e

ment
[0;1;2

[1;1;2

x2x2 MD-array of 8 SMALL-
ements, such that the ele-

with value 1is at coordinate
], 2 is at coordinate [0;1;3],

3at[0;2;2], 4 at [0;2;3], 5 at

], and so on.

MDARRAY [ x(0: 1),
8]

y(1:2),

z(2:3)]

[1, 2, 3, 4, 5,

54.3 1

A tabula
defined

AS:

‘rom SQL table/query result

y valsue constructor by query> ::=

<nd-arr
IVDARRF

Y'&md- ext ent al ternative> <table subquery>

' query resultcan be converted to an MD-array with an <md-array value constructor by

query>,

The <md-extent alternative> specifies an MD-extent D with d MD-axes, denoted as [N1(LOq : HI1), ...,
N4(LO4: Hl;). Based on it, the SQL table T produced by the <table subquery> is required to satisfy certain
criteria so that constructing an MD-array from it will be possible:

T has to be of degree N=d + 1.

are called coordinate columns. The remaining column is the element column.

© ISO/IEC 2021 - All rights reserved
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— The rows at coordinate column with name N, for 1 (one) <i < d, are required to contain non-null,
integer values ranging from LO; to HI;.

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

Figure 5, “Example of an SQL table that corresponds to a 3x3 MD-array”, provides an example of an SQL
table thf t oatioﬁco thCDC LUllDtl a;uto. SCC F;sulc 3’ “ThC Dtl u\,tulc Uf all P"{D al lCl_y VCl}LlC ;Huotl at d On a

sample 3x3 array”.

i| j | element
1)1 -1 .

J
10 1 4
1|1 1
ol 1 1+ [-1f-1]-1

N
ol o 3 O+ -1 81|-1
0] 1 -1 Al | - -1 L
1]-l -1 e >
-1, 001 i

10 1
1|1 -1

Figure 5 — Example of an SQL table that'corresponds to a 3x3 MD-array

The follgwing SQL query fragment would constriict the MD-array out of this table T:
MDARRAY| [i (-1:1), j(-1:1)] (SELECT T.*(CEROM T)

Figure 6] “Example of an SQL table convefted 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 the specified MD-extent are missing from the
input table. The missing elements-are set to SQL null values (denoted as “w” on the figure).

i| j | element 4

‘)1 -1

01 1 Irf-tjef-
N

0| o0 8 O (of8(-1

1|0 -1 At e 1o

11 -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)].

v

5.4.4 Construction by implicit iteration
An <md-array value constructor by iteration> introduces a general, powerful, and flexible mechanism
for constructing new arrays. It is defined as follows:

<md-array val ue constructor by iteration> ::=
MDARRAY <md- extent alternative>
ELEMENTS <nd-array el ement >
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<nmd-array elenent> ::=
<val ue expressi on>

The first part is the familiar MDARRAY <md-extent alternative> that is common to the previously intro-
duced 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.

In the simplest case, <md-array element> could be a literal, or perhaps a column reference. The resulting
“constant” MD-array would consist entirely of elements with that literal or column value. This is of use
in initializing an MD-array with zeros or the null value, for example.

To mak ; implicit
loop ovef the <md-array element> expression. The MD-axis names are at the same time MD-axis"{iterator”
variablep that range from the lower to the upper limit of the particular MD-axis. The scope of the MD-
axis varipbles is the <md-array element>, where they can be referenced to dynamically geherate the
value of each element. For every element of the constructed MD-array, all MD-axis variables taken together
(in the ofrder of MD-axes in the MD-extent) essentially refer to the coordinate of that'element; the value
of each variable is the corresponding element of the coordinate.

Table 3, [Examples of MD-arrays created with the constructor by iteration”, shows examples of jusing
this congtructor, starting from creating simple constant MD-array, to mor€.complex MD-array dérivation
cases.

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

Exan1ple SQL fragment

2-D cl)nstant MD-array such that the value of each.element | MDARRAY [x(0:9), y(0:9)]
is 0 (4ero). ELEMENTS 0

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

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

2-D MD-array, which is derived from an existing MD-array | MDARRAY MDEXTENT( A)

A with MD-extent [x(0:9);3(0:9)], so that the value of each | ELEMENTS PORER(A[ X, Y], 2)
elemgnt in the newly,ereated MD-array is the square of the
corresponding element in A. Note that MD-array element
refergncing is used:in this example, which is explained in
more [detail laterin this document.

5.4.5 Decoding a format-encoded array

An MD-array can be established by decoding an array stored in some particular format. The high-level
aspects were discussed in Subclause 4.4, “Array representations”, and Subclause 4.5.2, “Array data
ingestion and storage”. The decoding MD-array constructor is defined as:

<md-array val ue constructor by decoding> ::=
VDDECCDE <I| eft paren> <string val ue expression> <conma> <format identifier>
<nmd-array returning clause> <right paren>

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

© ISO/IEC 2021 - All rights reserved 17
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array creation

The parameters to the MDDECODE function are as follows:

1) Firstis the format-encoded array given as a <string value expression>.

2) Following a comma is a <format identifier> that indicates the format of the encoded array. Formats
are specified using media types, an IETF standard for naming data encodings (see RFC 2045). It is
used in manifold ways in practice, most notably in the encoding of emails with attachments (which
can be of any file type). It standardizes a list 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).

fro
dec

type

of al

3) Fin,1lly, an <md-array returning clause> requires specification of the MD-array type that woy

This me
desired.

SQL/MD
'applicat
JSON ob
mately i
lists son

decoding the <string value expression>. The MD-array structure cannot be inferred W
ding the string, so to allow proper type-checking it is necessary to explicitly specify th
.In this context, the “*” normally allowed by <md-array type> is prohibited; the-exact M
1 MD-array value is being described, which does not have infinite or indefinité MD-axis

hanism provides a hook for SQL-implementations to define array — MBD:=array decoder

A itself standardizes the decoding process of [SON-encoded arraysidentified by <format id
ion/json'. It is expected that the JSON array is embedded as amember with key 'data’ y
ect. The JSON object could potentially contain more members acting as metadata that
pnored by MDDECODE. Table 4, “Examples of MD-arrays‘eréated from JSON-encoded ar
e examples of decoding JSON arrays to MD-arrays.

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

1d result
ithout

e result
D-extent
limits.

S as

entifier>
vithin a
hre ulti-
rays”,

Example SQL fragment

1-D “gradient” JSON array of 6 ele- MODEQCDE(' { "data": [1, 2, 3, 4, 5, 6] }',
ments, in which the value of each " application/json' .

elemgnt is equal to its coordinate. RETURNING | NT MDARRAY [x(1:6)])

kerne
Figur
array
3x3a

2-D MD-array from a 3x3 convolution

| array encoded as JSON((cf.
b 3, “The structure of an MD-
value illustrated on:a'sample

ray”).

MDDECODE(' { "data": [[-1, -1, -1], [-1, 8, -1],
-1, -1]1 },

"application/json'

RETURNI NG | NT MDARRAY [i(-1:1), j(-1:1)])

[-1,

3-DM
encod

D-array frofira 1x3x2 array
ed as JSON:

MDDECODE(' { "data": [[[1, 2], [3, 4], [5, #6]1]1]
"application/json'
RETURNI NG | NT MDARRAY [t (0:0), x(0:2), y(0:1)]

5.5 MD-array updating

5.5.1 MD-array updating introduction

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

18
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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 time in the future.

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

— Sand T are MD-arrays of the same MD-dimension.
— Sisan MD-array of MD-dimension that is less than the MD-dimension of T.

— Sis of a compatible type to the element type of T, rather than an MD-array.

present these alternatives in more detail; multiple examples are used to illustrate the concepts based on

When Sf an MD-array, its element type has to be compatible to the element type of T. The next Subclauses
a table

efined as follows:

TABLE Temp(
T REAlL MDARRAY[ t(1:12), x(1:1000), y(1:1000) ]

)
Temp copntains a single row with value MDARRAY[t(1:1), x(1:1), y(1:4)] [0.0,50.0, 0.0, 0.0].

5.5.2 Updating MD-arrays of equal MD-dimension

Two casgs are supported when the source and target MDarrays, S and T, are of equal MD-dimensions:

1) The|default UPDATE syntax, as would be expected;implies that T is completely replaced. The MD-
extent of S has to be strictly within the maximum'MD-extent of T. For example, this query replaces
the yalue of T with the specified MD-array value:

UPDATE Tenp SET T = MDARRAY[t(1:1),¢xX(1:1), y(1:3)] [0.0, 1.0, 2.0]
Thel|value of T in the single row of Temp is now MDARRAY[t(1:1), x(1:1), y(1:3)] [0.0, 1.0, 2.0].

2) When Tis restricted to a certainn MD-extent D (with an explicit <md-axis subset list>), only|the part
of T|corresponding to the MD-extent of S is updated. The MD-extent of S has to be strictly within D,
and|D has to be strictly within the maximum MD-extent of T. The following query replaces pnly the
elements in T at coordihates within the MD-extent [t(1:1), x(1:1), y(1:3)]

UPDATE Tenp
SHET T[t(1: D)Fx(1:1), y(1:3)] =
MDARRAY[ t(1: 1), x(1:1), y(1:3)] [0.0, 1.0, 2.0]

The|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, 0.0].

Notably,|the‘-MD-extent of S does not need to be strictly within the MD-extent of T, and can overlap or be
completely disjoint as well, in which case the final MD-extent will be the union of the two MD-extents,
and all elements at coordinates within the union but not within the MD-extents of S or T will be null values;
Figure 7, “Example of array update”, illustrates this visually. The red rectangle is the MD-extent of T,
while the white rectangle with black border is its maximum MD-extent. The green rectangle is the MD-
extent of S. The result MD-array of the update is the rectangle formed of the red, yellow, and green parts;
the elements in the yellow subset are set to null.
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A typica

acquired by a satellite into a global world map. All satellite images, as well as the final map are 2

sional. T
MDSHIF|

5.5.3 Updating MD-arrays of greater MD-dimension

Often, S
array is
cannot b

UPDATE
SET
MDAR)

As arest
[0.0,0.0

This is f
specify 3
array”.

Figure 7 — Example of array update

situation that entails using the second alternative is combining a set of satellite image

T (cf. Subclause 6.4.4, “Shifting”) to the correct positién in the map.

rould be an MD-array value of smallet dimension than T. In the following example, a 2-
hssigned to a 3-D MD-array, and thet slice coordinate where the source 2-D array will b

e inferred, so it is necessary to<$pecify it explicitly:
Fenp
Mt(2), x(1:1), y(1:4) =

RAY[ x(1: 1), y(1:4)} [5.0, 1.0, 2.0, 3.0]

It, the value of T-in the single row of Temp would be changed to MDARRAYt(1:2), x(1:1
0.0, 0.0, 5.0, 1.0;-2.0, 3.0].

irly simjlar to the previous case, except that now in the subsetting MD-extent it is alloy
licing coerdinates, as illustrated in Figure 8, “Updating a 3-D MD-array with a 2-D sour

S as
-dimen-

he map would be updated in turn with each satellite image (which may need to be “shiffed” with

D MD-
e placed

,y(1:4)]

ved to
ice MD-
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Figure 8 — Updating a 3-D MD-arra %Qlth a 2-D source MD-array
QO
Q@
5.5.4 Updating a single element of an @array

To update a single element in T, the su féng MD-extent has to provide slice coordinates for each MD-
axis of T| For example, this query w1l\h’§ate the element at coordinate [1, 1, 1] to 5.2, so that the value
of T in the single row of Temp Wll@ DARRAY[t(1:1), x(1:1), y(1:4)] [5.2, 1.0, 2.0, 0.0]:

UPDATE Tenp SET T[1, 1, 15 =

5.6 xportlwlD arrays

5.6.1 @)gfmg to a data format

To be useful, MD-array values existing within a table may need to be exported to some external represen-
tation. This is done using a counterpart to the MDDECODE function introduced earlier in Subclause 5.4.5,
“Decoding a format-encoded array”, specified as:

<md-array encode function> ::=
MDENCCDE <l eft par en>
<nd-array val ue expressi on> <conma> <format identifier>
[ <nd-array encode returning clause> ]
<ri ght paren>

<md- array encode returning clause> ::=
RETURNI NG <data type>
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The parameters that MDENCODE expects are as follows:

1) Firstis the MD-array value to be encoded, supplied as an <md-array value expression>.

2) Following a comma is a <format identifier> that indicates the format to which the MD-array value
should be encoded. As in the case of MDDECODE, media types are used for this purpose (see RFC

204

5 and Media Types).

3) Finally an <md-array encode returning clause> allows specification of the data type that would result
from encoding the <md-array value expression>. The RETURNING clause is optional, and when
omitted, the result type is assumed to be either a character string type, if the <format identifier> is

equfvalentto application/json’, or binary string type otherwise, given that arrays are most.cd

enc

As with
JSON in
The recy
type ET,
typeisa
name of
in partic

upper lilnit of an MD-axis. Corresponding to the <md-array value censtructor by decoding> (cf.

Subclaug
object af

G A :=

F(A) {
let N
let L
let H
i f M|

if

=

el s¢

=

el se
ret

}
Table 5,

provided preéviously on Table 4, “Examples of MD-arrays created from JSON-encoded arrays”.

ded in binary.

MDDECODE, encoding to JSON arrays is standardized in SQL/MDA. MD-arrays.are’linea
row-major order, with each MD-axis (row) “change” marked with opening and'closing |
rsive pseudo-code function G below illustrates the process of encoding anMD-array 4 of]
MD-dimension d,and an MD-extent denoted as [N1(LO1 : Hl1), ..., Ng(LOg4 cH}4)]. In case the

row or structured type, the algorithm uses the symbols DET as the-degree of ET and F]

the i-th field/attribute in ET; furthermore, operations defined latet-in the document ar
ular MD-array subsetting, element reference, and functions that get the name and the g

e 5.4.5, “Decoding a format-encoded array”), the resulting' JSON array is embedded int
a member with key 'data’.

JSON_OBJECT( 'data’ VALUE F(A) FORMAT JSQON)

be MDAXI S_NAME( A 1),

D be MDAXIS LONA, 1),

be MDAXI S_HI GH( A, 1)

DI MENSI ON(A) = 1 (one), then {

FT is a row or structured type)'then

bt ur n JSON_ARRAY(

JSON _OBJECT(FN; : AILQ :ENy, ..., FNper @ AILQ: FNper ),

JSON OBJECT(FN; : A[HLI:FNy, ..., FNogr : ALHIT:FNoer ).

bt urn JSON_ARRAY(CA['LO, ..., AIH]) }

rn JSON_ARRAY(F(AIN(LOT1), ..., F(AIN(H)I1))

‘Examples of MD-arrays encoded to JSON arrays”, below lists the inverse cases of the e

mmonly

rized to
brackets.
element
element
V; as the

e used,
wer and

b a JSON

kamples

Table 5 — Examples of MD-arrays encoded to JSON arrays

Example SQL fragment JSON result

array

1-D “gradient” MD- IVDENCODE( MDARRAY [ x(1: 6) ] "{ "data": [1, 2, 3, 4, 5,

of6elements |[[1 2, 3, 4, 5 6],
"application/json'

6] }'
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Example SQL fragment JSON result
A 3x3 convolution VDENCODE( 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'

A 1x3x2 MD-array of | MDENCCDE( MDARRAY { "data:
6 elements [1(0:0), x(0:2), y(0:1)] [[[1 2], [3, 4], [5 6]]] }
L+ , Iy =, Jy Ul apprruva

tion/json")

5.6.2 Converting to an SQL table

Converting an MD-array to an SQL table is useful whenever the perspective-of using general SQL would
be moreladequate. There are situations that cannot be addressed strictly»within SQL/MDA, but|that

general $QL would have no problems with. For example, the ability to'erder the elements of an MD-array
by some|criteria is not foreseen in SQL/MDA itself, as it is not a commenly used array operation; cdnverting
to an SQL table and using ORDER BY would be an acceptable alternative in this case.

An SQL ARRAY can be converted to an SQL table with the UNNEST operator. SQL/MDA similarlyfuses the
UNNEST| operator for this purpose, tailoring it to MD-arrays. This is defined in Subclause 7.6, “gtable

reference>", of ISO/IEC 9075-2. The <collection derived table> expression goes in the FROM clduse of a
query. Ir] SQL/MDA, the parameters list is restricted-to a single <collection value expression>.

<col l ecfion derived table> ::=
UNNEST <l eft paren> <col | ection val ue>;éxpressi on>
[ { <gomma> <col | ection value expression> }... ] <right paren>
[ WTH ORDI NALI TY ]

UNNEST| has two modes of operatiofi; based on the presence of WITH ORDINALITY:

1) By default, when WITH ORDINALITY is not specified, UNNEST of an MD-array is approximately the
dual operation of the MDxarray value constructor by query previously introduced in Subclause 5.4.3,
“Frgm SQL table query pesult”. In this case, UNNEST results in a table with columns for each|MD-axis
with the same name.ds the MD-axis name (unless modified by a <parenthesized derived column
listy), followed by:a column holding the MD-array elements at the corresponding rows.

2) If WITH ORDINALITY is specified, then before the coordinate columns there is in addition a single
ordinality column holding the values from 1 (one) to the cardinality of the MD-array, in row-major
ordér Corresponding to the MD-array elements.

Consider the following example query.

SELECT T.*
FROM UNNEST( MDARRAY[ x(1:2), y(1:2)] [1, 2, 5, 6])
AS T(x, y, value)

It converts a single MD-array defined inline by directly enumerating all its elements to an SQL table,
shown in Table 6, “Result of example UNNEST query”.
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Conside

SELECT

Table 6 — Result of example UNNEST query

X y value

1 1 1

1 2 2

2 1 5

2 2 6
"ing the same query, but with WITH ORDINALITY added:
o

FROM UNNEST( MDARRAY[ x(1:2), y(1:2)] [1, 2, 5, 6])

W TH

The resu

A more
computi

type ran

DRDI NALI TY AS T(ord, x, y, value)

Table 7 — Result of example UNNEST query specifying WITH ORDINALITY

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

omplex problem is to find the ten most frequent elements in an MD-array. This can be

e, which is then converted into to a table in order to get the most frequent values afte

been soijted. In the query below, let T be a table with an MD-array column A of type NUMERIC(

a primat

SELECT
FROM T,

GRCOUP B

y key column,named id.

H. val ue
UNNEST(~~SELECT MDARRAY[ val ue(-99:99)]
ELEMENTS MDCOUNT_TRUE( A = val ue)
FROM T ) AS H(value, total)

M val ue

It is shown in Table 7, “Result of example UNNEST query specifying WITH ORDINALIT

=

done by

hg a histogram on the array by counting how many elements there are of each value in thelelement

" it has

2,0) and

ORDER BY SUM H.total) DESC
FETCH FI RST 10 ROWS
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6.1 Introduction to SQL/MDA operations

The follgwing Subclauses describe the operations in SQL/MDA defined on MD-arrays, that resullt either
in MD-afray values again, or in some other SQL data values. Each operation is illustrated with viarious

exampless based on the following SQL tables and sample data.

A simplg table of small 2-dimensional convolution kernels is created. It holds a singlerow with
edge detection kernel shown in Figure 2, “Relationships between MDA and SQL/MDA”, plus a 5
kernel i another column. For conciseness, the examples often consist of only, therelevant SQL
fragment referencing the kernel or filter MD-array attributes, instead of showing a full SQL que

CREATE [TABLE kernels (
id | NTEGER PRI MARY KEY,
name CHARACTER VARYI NG 50),
kernel SMALLI NT MDARRAY [i (-100:100), j(-100:100)],
filtef SMALLI NT MDARRAY [i (-100:100), j(-100:100)] )

| NSERT | NTO kernel s VALUES

(1, 'Edge detection',

MDARRAY [i(-1:1), j(-1:1)] [-1, -1, -1,
-1, 8, -1,
-1, -1, -1N
MDARRAY [i(-2:2), j(-2:2)] [2, 4, 5 4 2,
4, 9, 12y 9, 4,
5, 12715, 12, 5,
4, %9y 12, 9, 4,
2y=4, 5, 4, 2])

6.2 D-extent probing operators

The fungtions listed below allow getting information about the MD-extent of an MD-array; AVE cort
to <md-grray value‘expression>. In ISO/IEC 9075-2, they are defined in Subclause 6.30, “<nume
functionp”, Subclatise 6.32, “<string value function>", and Subclause 9.1, “<table reference>". Tj
“Examplles with' MD-extent probing functions”, shows examples for each function.

the 3x3
k5 filter
query
ry.

esponds
ric value
ble 8,

1) MDBHENSIONAYES
Returns the MD-dimension of the MD-array value AVE.
2) MDAXIS_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 MD-array value. A non-existing MD-axis name is an error condition.

3) MDAXIS_NAME(AVE, <numeric value expression>)

Given an ordinal index i (1-based), returns the name of the i-th MD-axis in the given MD-array value.

An index not in the [1, MDDIMENSION(AVE)] range is an error condition.

© ISO/IEC 2021 - All rights reserved
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4)

5)

6)

7)

26

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.

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 a non-existing MD-axis is an error condition.

MDEXTENT(AVE)

Returns the MD-extent of an MD-array value, as a table with NAME, LOW, HIGH, and INDEX
holding the respective information for each MD-axis of the MD-array’s MD-extent.

MDMAX_EXTENT(AVE)

Anajogous to the previous example, except that the returned table contains information for
axeq of the MD-array’s maximum MD-extent.

Table 8 — Examples with MD-extent probing funetions

columns

the MD-

Example Result
MIDDIMENSION(kernel) 2
MIDAXIS_INDEX[kernel, j) 2
MIDAXIS_NAME(kernel, 1) i
MIDAXIS_LOW(kernel, 1) = MDAXIS_LOW ((Kernel, i) —1
M|DAXIS_HIGH(kernel, 2) = MDAXIS_HIGH (kernel, j) 1

MIDEXTENT(kernel)

See Table 9, “Result of
MDEXTENT (kernel)”

MPDMAX_EXTENT (kernel)

See Table 10, “Result of
MDMAX_EXTENT (kernel)’

Table 9 — Result of MDEXTENT (kernel)

NAME | LOW HIGH INDEX
i -1 1 1
j -1 1 2

Table 10 — Result of MDMAX_EXTENT (kernel)

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

Accessing a single element in an MD-array can be done with the <md-array element reference> operation.
In order to reference a single element, it is essentially necessary to specify its coordinate. Most commonly
in programming languages and tools, the coordinate is specified as a list of comma-separated values,
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[ posi, posy, ..., posg]

One way| to interpret posi, posy, .., posy is as a list of integer values related to the particular MI}-axes
based o1 their order of appearance. pos; specifies a position on the first MD-axis in AVE, pes; dn the
second, and so on. This is called positionally dependent referencing.

MD-axeq have names, which can be used to establish a more flexible, positionally independent alternative.
An MD-gxis can be referred to by its name, which means that each pos; is requirédjto specify an|MD-axis

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

AVE[ nang1(posi), ..., nameq(posq)]

There is[no value in mixing these two styles, so either one or the-other is required to be used infan MD-

array elgment reference. In either case, specifying a coordinate which is within the maximum MP-extent
but not yithin the MD-extent of the MD-array will result in‘a null value. Specifying a coordinate|which is
not withlin the maximum MD-extent is an error condition:

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

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

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

kernel [j (0, i(0)]

kernely 50, 0] null
Kernel [ -1, 1000] error
kernel [x(0), y(0)]

kernel [i (0), 0]

The full brammar definition is as follows:

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

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

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

<nmd-axi s slice named> ::=
<md- axi s name> <l eft paren> <nd-axis slice positional> <right paren>
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<md-axis slice list positional> ::=
<nmd-axis slice positional > [ { <commma> <nd-axis slice positional>}... ]

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

6.4 MD-extent modifying operations

6.4.1 1}

This Sul
a modifi
MDarray
ments, r

6.4.2 ¢

The con
array su
such, thd
tobesm
Figure 9
array, wi
subset c
resulting

ntroduction to MDE-extent modifying operations

clause covers the operations that take an MD-array input and result in an MD+array va
bd MD-extent. The elements in the result MD-array at corresponding coordinates with t
, however, remain unchanged. These operations include selecting a subsét of the MD-a
bshaping the MD-extent, and shifting the MD-extent by a given offset coerdinate.

pubsetting

ue with
he input
rray ele-

fept of MD-array element reference discussed previously'is now extended to an operation <md-

pbset> that allows selecting a subset of the MD-array’s elements, rather than a single ele
result of such a subsetting operation is an MD:-array itself, with an MD-extent likely “t
bller than that of the input MD-array, and/or sote of the MD-axes potentially removed (
“MD-array subsetting examples”, illustrates this visually. In that figure, blue denotes the
nile red shows the subset array. The a) and-c) examples preserve the MD-dimension, i.e
bntains only “trims”, while b) removes,'or “slices” one MD-axis and d) slices two MD-ax
y in MD-arrays of smaller MD-dimenSion.

ment. As

-immed”
sliced”).
original
., the

ES,

) d)

Figure 9 — MD-array subsetting examples

The MD-array element reference construct already supports specifying MD-axis slices®. It is extended to
support subsetting by specifying trims for any particular MD-axis as colon-separated lower and upper
limit, and requiring 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 sliced, leaving a 0-dimensional MD-
extent (that is, it completely removes the MD-extent).

28
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Explicit trims are the ones specified in the subset itself. Given positionally independent subsets: if a par-
ticular MD-axis is not present in the subset, either as a trim, or as a slice, it is assumed to be an implicit
trim with lower and upper limits equal to the lower and upper limits of the MD-axis. Note that in posi-
tionally dependent subsets this is not possible; not specifying a trim 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 A4, to the MD-extent of another MD-array

B (ofeq

al MD-dimension). This can be done by using the MDEXTENT function in the subset,

rhich is

not diffe
“MD-arr]

The <mc

<md- arr
<nmd- a
brack

<nd- axi
<md

| <md

| <md

<md- axi
<nmd- a

<nd- axi
<nd- a

<md- axi
<md
| <nd

<nd- axi
<md
| <md

<md- axi
<nmd- a

<nd- axi
<nmd- i

<md-i nt
<nmd- a

<nd- axi

rent from the use of <md-array extent>, described earlier in this document in Subclaus
hy creation”.

-array subset> is defined as follows in ISO/IEC 9075-15, Subclause 8.3, “<md=array su

hy subset> :: =
ray val ue expression> <l eft bracket or trigraph> <nd-axis subset |ist> <ri
bt or trigraph>

5 subset list> ::=

axi s subset |ist naned>

axis subset |ist positional>
array subset extent>

5 subset |ist named> ::=
is subset named> [ { <conmma> <nd-axis subsef\hamed> }... ]

5 subset |ist positional > ::=
is subset positional> [ { <comma> <nd%axis subset positional>}... ]

5 subset naned> ::=
axis limts naned>
axis slice naned>

5 subset positional > ::=
axis limts positional>
axis slice positional>

5 limts naned> :: =
i s name> <l eft paren> <nd-interval expression> <right paren>

5 limts positional > ::=
it erval expriessi on>

brval expriession> ::=
is lower’ limt expression> <colon> <nd-axis upper limt expression>

5 Lower limt expression> ::=

e 5.4,

hset>",

ght

<nd- a

islinit expression>

<nd-axi s upper limt expression> ::=
<md-axis limt expression>

<nmd-axis linmt expression> ::=
<nureric val ue expression>
| <asterisk>

Table 12, “Examples of MD-array subsetting”, shows examples that illustrate the concepts of MD-array
subsetting.
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Table 12 — Examples of MD-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)]

kernel [0, O0:1] MDARRAY [j(0:1)] [8, -1]
kgrmet6—06—1

kernelti(O), ;(0:1)]
kgrnel [i (0), j(0:*)]
kgrnel [j (0: 1), i(0)]

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

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

kegrnel [0, -1:1] MDARRAY [j(-21:1)] [-1, 8, A1
kdgrnel [0, *:*]
karnel [i (0)]

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

fill ter [ MDEXTENT( kernel )] MDARRAY [i(-1:1)N j(-1:1)] [
fillter[i(-1:1), j(-1:1)] 9, 12, 9,

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

kgrnel [ 0: 50, *:*]
kgrnel [ - 1000: - 500, 300]
kgrnel [i (0), x(*:*)]
kgrnel [ 0: 1]

6.4.3 Reshaping

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

—  Only trimrsareattowed; that is; the resutt s alwaysam Mb=array of the samme Mb=dimmrernsion as that
of the input MD-array.

— The MD-extent can also be “enlarged” (up to the maximum MD-extent of the MD-array), while sub-
setting only supports MD-extent “restriction”. On enlarging, all 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.

— Itis a function, with the input MD-array value as first parameter, and the MD-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.). Visually it is illustrated in Figure 10, “MD-array reshaping example”,
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in which the original MD-extent is marked as a grey rectangle, while the new MD-extent after applying
MDRESHAPE is the yellow (including the grey) rectangle.

Figure 10 — MD-array reshaping example

Syntactigally, MDRESHAPE is defined as follows:

<nmd-arrfy reshape function> ::=

MDRESHAPE <l eft paren>
<fd- array val ue expressi on> <comma> <md-axis linmts |ist>
<right{ paren>

<md-axi$ limts list> ::=
<left bracket or trigraph> <nd-axis linits list positional ><gright bracket or tnigraph>

| <left bracket or trigraph> <nd-axis linmts |ist naned> <ri\ght bracket or trigrfaph>
| <mdjarray extent>

<nmd-axi$ limts list positional > ::=

<l eft|bracket or trigraph>
<pd-axis limts positional > [ { <conma> <nd-axi)s limts positional > }... ]
<righy{ bracket or trigraph>

<nmd-axi$ limts list named> :: =

<l eft|bracket or trigraph>
<fd-axis limts naned> [ { <comme> <md-axis limits named> }... ]
<right{ bracket or trigraph>

The alternatives for positionally dependentand independent MD-axis reference and MD-axis limit are
same as |n the subsetting case, so refer toSubclause 6.4.2, “Subsetting”, for the details. Table 13, “Hxamples
of MD-extent reshaping”, shows examples that illustrate the concepts of MD-extent reshaping.

Table 13 — Examples of MD-extent reshaping

Example Result

VDRESHAPE( ker nef0 [ 0: 1, 0:1]) MDARRAY [i(0:1), j(0:1)] [8, -1, -1, -1]
VDRESHAPE( kernel™, [i(0:1), j(0:1)])
MDRESHAPE( kernel , [j(0:1), i(0:1)])

(0:2), j(o:nj

S T T T INOCL,—INOCLC]

MDRESHAPE(ker nel , [i(0:2), j(0:*)]) MDARRAY [
f

|
fo)
O

MDRESHAPE(f i | ter, [ MDEXTENT(kernel)]) | MDARRAY [i(-1:1), j(-1:1)] [

filter[ MDEXTENT(kernel)] 9, 12, 9,
filter[i(-1:1), j(-1:1)] 12, 15, 12,
9, 12, 9]

VDRESHAPE( 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 MD-extent of an MD-array value AVE to a new
origin coordinate O. The origin of an MD-extent is the coordinate formed of the lower limits of each MD-
axis in the MD-extent. O is specified in the same way as for 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>

<
<righ

In more
differen

a coordi

- Qd]; th
with R+

Figure 1
marked

Table 14
shifting.

-difTdy val uUe expressl Oorn- <Cofma~-> <Ifu-adxXis sirce I'rst->
par en>

detail, shifting the MD-extent works as follows. First, a shift coordinate S is computed 3
re between the origin of AVE and 0. The difference of a d-dimensional coordinate [Py, ..

hate [Q1, -, @4] is equivalent to the difference of their corresponding valu€s,i.e.,, [P1 - (
e sum is defined analogously. Then the coordinate R of each element ofithe’ MD-array is
; the value of the element remains unchanged.

1, “MD-array shifting example”, shows visually the effect of MDSHIFT. The original MD-
hs a grey rectangle, while the new MD-extent after applying MDSHIFT is the yellow rec

Figure 11 = MD-array shifting example

, “Examples of MD-extent shifting”, shows examples that illustrate the concepts of MD-

Table 14 — Examples of MD-extent shifting

s the
Pg4] and

)1, - Py
replaced

extent is
fangle.

pxtent

Example Result

MDSHI [FT(ker nehS [0, 0]) MDARRAY [i(0:2), j(0:2)]
MOSHI FT( kernet”, [i(0), j(0)]) [-2, -1, -1, -1, 8, -1, -1, -1, -1]
MDSHI [FT(Kennel , [j(0), i(0)])

MDSHI FT(Kernel, [T(0)]) error

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

MDSHI FT( kernel , [1000, 1000])

6.4.5 MD-axis renaming

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

32
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<nd- axi s maxi nrum nmd- extent cast> ::=
MDARRAY <maxi mum nd- extent cast alternative>

<maxi mum nd- extent cast alternative> ::=
<maxi mum nd- ext ent >
| <md-array axis names>

<md-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 names:

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

— They can be supplied from an existing MD-array of the same MD-dimension, using the MDAXI§_NAMES
fundtion (see Subclause 6.2, “MD-extent probing operators”).

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

Table 15 — Examples of MD-axis renaming

Example Result

CAST(kernel AS MDARRAY [X, V]) MDARRAY {X0-1:1), y(-1:1)]
[-1, -%4 -1, -1, 8, -1, -1, -1, -]1]

CAST(kernel AS MDARRAY MDAXI'S NAMES(filter)) | MBARRAY [i(-1:1), j(-1:1)]
(417 -1, -1, -1, 8, -1, -1, -1, -f1]

6.5 MD-array deriving operators

6.5.1 Introduction to MD-array deriving operators

This Subclause covers all gperations that take MD-array input(s) and result in an MD-array valuie with
elementf derived from the-elements of the inputs in some way.

6.5.2 S$caling

It is posgible’to reshape an MD-array, as with MDRESHAPE (cf. Subclause 6.4.3, “Reshaping”), while
retrofitting its contents into the new MD-extent. The contents are adjusted to the new MD-extent by
interpolating (re-sampling) the elements in some way. A familiar use case is resizing (up or down) of an
image, illustrated in Figure 12, “MD-array 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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The target MD-extent is specified in the same manner as in the case of MDRESHAPE. The grammar defi-
nition is as follows:

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

It is worth going in more depth now into the algorithm by which the new element values are established
in the result MD-array with MDSCALE. Deriving a particular new element value in general relies on a
combination of several input elements, typically stemming from a local neighborhood of a reference
element[Many different interpolation algorithms are Known from literature and are in active upe. For
instance| Table 16, “Interpolation methods defined in ISO 19123:2005”, lists the interpolation methods
defined |n ISO 19123:2005, which also acknowledges that more exist:

Table 16 — Interpolation methods defined in ISO 19123:2005

Method Coverage type Dimension
Nearest Any Any
Neighbor
Linear Segmented Curve 1
Quadratic Segmented Curve 1
Cubic Segmented Curve 1
Bilinear Quadrilateral(Grid 2
Biquadratic | Quadrilateral Grid 2
Bicubic Quadrilateral Grid 2
Lost Area Thiessen Polygon, Hexagonal | 2
Grid
Barycentric | TIN 2

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

— Nearestneighbor yields “crisper” images with better contrast; therefore, it is sometimes pueferred
for 4caling Web maps. Non-numerical categorical values cannot be meaningfully combined|in inter-
polation algorithms, so nearest neighbor is often the only applicable interpolation in such cases, as
it works by cloning existing elements into the output.

MDSCALE requires a decision on which interpolation methods to support. Nearest neighbor is simple,
and easily scales to any dimension and element data type. All other methods specifically support arrays
of a certain 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 MD-extents on all MD-axes except the “gluing” MD-axis; this also means that they are
required to be of same MD-dimension. The mechanism of concatenating two MD-arrays is shown in
Figure 13, “Concatenation 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 grainmar definition of MDCONCAT is as follows:
<md-arrfy concatenation> ::=
MDCONCAT <| eft paren>
<md-array val ue expressi on> <comme> <nd-array nd-‘axi s>
<righ{ paren>

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

Table 17 — Examples of MD-array concatenation

Example Result
(A 1= NDARRAY [i(0:0), j(-4:1)] [1, 2, | MDARRAY [i(-1:2), j(-1:1)] [
3]) -1, -1, -1,
MDCONCAT( kernel , A, 1) -1, 8, -1,
MDCONCAT( kernel , A, A1) -1, -1, -1,
1, 2, 3]

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

3]) -1, -1, -1, 1,
VDCONCAT(kernel , A, 2) -1, 8, -1, 2,
VDCONCAT(Ker nel , A, j) -1, -1, -1, 3]

6.5.4 Induced operations

Elevating (inducing) scalar operations to the level of arrays is standard practice in array-oriented pro-
gramming languages, libraries, software tools, or array DBMS. SQL/MDA adopts and supports this concept
on MD-arrays as well. 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 elements of
the input MD-arrays A and B). In general, any valid operation applicable to the individual elements
qualifies to be an operation induced on MD-arrays of such elements.
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Figure 14 — Example of summing two MD-arrays

Binary ajnd n-ary operations allow some of the operands to be scalar values, so-that (for exampl|e) A+5
(add 5 t¢ each element of the MD-array A) would be possible. All MD-array-operands in an indyced
operation are required to have equal MD-extents.

The indyced operations in SQL/MDA are classified in two categories:{functions (Subclause 8.13, “<md-

array value function>") and and expressions (Subclause 8.12, “<md-array value expression>", Subclause 8.6,
“<case ekpression>", and Subclause 8.7, “<cast specification>"). ket us start with the syntax definition of
<md-arrpy value function>:

<md-arrfy value function> ::=
<pE{ar+ay—shi-H—Furetion>

| —<m—array+eshapefunetion>

| —<m—array—secalefunetion>

| <mdiarray absol ute val ue expressi on>

| <mdiarray natural |ogarithme

| <mdiarray common | ogarithne

| <mdiarray exponential function>

| <mdiarray square root>

| <mdiarray floor function>

| <mdiarray ceiling functiens

| <mdjarray trigononetric fwnction>

| <mdiarray power function>

| <mdjarray nodul us expressi on>

| .

—<m-array concatenation>

The fundtions markedwith strike-throtgh are not really induced operations and have been alrgady

covered [in previgus:Subclauses of this document. Of the remaining, only <md-array power functjon>and
<md-arry modulus expression> are binary functions expecting an MD-array value as the first argument
and an MID-array or scalar value as the second argument:

<nd- arr y—owet fonmett+on —=
<md-array power function left>
| <md-array power function right>
| <md-array power function both>

<md-array power function left> ::=
POVER <l eft paren>
<nd-array nuneric expressi on> <comma> <nuneric val ue expressi on>
<ri ght paren>

<md-array power function right> ::=
POVER <l eft paren>
<nuneric val ue expressi on> <comma> <nd-array numeric expressi on>
<right paren>
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<md-array power function both> ::=
POVER <l eft paren>
<md-array nuneric expression> <comma> <nd-array nhuneric expression>
<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> ::=

MOD <l eft paren>
<fd-array nuneric expressi on> <comma> <nuneric val ue expressi on>
<righ{ paren>

<md- arr fy nodul us function right> ::=

MDD <|eft paren>
<pumeric val ue expressi on> <conma> <nd-array numeric expression>
<righ{ paren>

<md- arr @y nodul us function both> ::=

MDD <|eft paren>
<frd-array nuneric expression> <coma> <nd-array nuneric\expression>
<righ{ paren>

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

<nmd- arr fy absol ute val ue expression> ::=
ABS <|eft paren> <nd-array val ue expressi on> <ri ght paren>

<md-arrf@y natural logarithm ::=
LN <l eft paren> <nd-array val ue expression>, <ri ght paren>

<nmd-arrfy comon |logarithnm ::=
LOGLO| <l eft paren> <nd-array val ue expressi on> <ri ght paren>

<nmd-arrfy exponential function> :;=z
EXP <|eft paren> <nd-array val ue“expressi on> <right paren>

<nmd-arrfy square root> ::=
SQRT «l eft paren> <nd-arr.ay“val ue expressi on> <ri ght paren>

<md-arrfy floor functienx" :=
FLOOR| <l eft paren>¢<pd-array val ue expression> <right paren>

<nmd-arrfy ceiling fuhction> ::=
{ CEILING | CGEKL"} <left paren> <nd-array val ue expression> <right paren>

<md-arrfy tgrigonometric function> ::=
<trigpnonetric function nanme> <left paren> <nd-array val ue expressi on> <ri ght paren>

The meaning of these functions is self-evident; Table 18, “Examples of induced function application to
MD-arrays”, shows examples for the ABS and POWER functions. The <md-array value expression> construct
is more complex. Based on the operand types, a binary <md-array value expression> op can take one of
the following forms (A4 and B are MD-arrays, c is a scalar value):

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

Example

Result

ABS( ker nel)

MDARRAY [i (-1:1),
[1, 1, 1, 1, 8, 1,

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

POVER( ker nel ,

2)

MDARRAY [i (-1:1),

j(-1:1)]

[1, 1, 1, 1, 64, 1, 1, 1, 1]

Three grammar rules for each operation cover these cases, respectively named as “both”, “1éft’yan
below. Flirther down, Table 19, “Operations corresponding to the <md-array value expression> g
rules ”, l]sts the grammar rules and the corresponding operations in a clearer way.

<nmd-arrfy val ue expression> ::=
<ndiarray bool ean expression>

<nd-arr fy bool ean expression> ::=

<nd
<nd
<nd
<nd

<nd-arr
<nd- a

<md- arr
<bool

<nmd-arr
<nd- a

<md- arr
<md
| <nd

<md
<md

array bool ean ternms

array bool ean expression left>
array bool ean expression right>
array bool ean expression bot h>

fy bool ean expression left> ::=
ray bool ean expressi on> OR <bool ean ternr

hy bool ean expression right> ::=
pan val ue expression> OR <nd-array\bool ean tern>

fy bool ean expression both> ::=
ray bool ean expressi on> OR <nm*array bool ean ternp

hy bool ean terne :: =
array bool ean factor>
array bool ean term |gf >
array bool ean term-.right>
array bool ean term bot h>

<md-arrfy boolean tefmteft> ::=

<nd- a

<md- arr
<bool

ray bool eanxternr> AND <bool ean factor>

hy bool gamntermright> ::=
ban tera® AND <nd-array bool ean factor>

<md- arrry bool ean term both> :: =
<nd- a

ray haolean terne AND <m'i-:=rrr-\y haoolean factor>

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

<nmd-array boolean test> ::=

<nd- array conparison expression> [

<nd-array conparison expression> ::

<md- array bool ean primary>

| <md-array conparison expression |left>
| <md-array conparison expression right>
| <md-array conparison expression both>

<nd- array bool ean primary> ::=

38

IS[ NOT ] <truth value> ]

d “right”
rammar
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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 expression>

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

<md-arr fy conpari son expression both> ::=
<md- afray nuneric expression> <conp op> <nd-array numeric expression>

<nmd-arrfy nuneric expression> ::=
<md{array nuneric ternp
| <mdtarray nuneric expression left>
| <mdfarray nuneric expression right>
| <mdfarray nuneric expression both>

<nmd-arrf@y nuneric expression left> ::=
<ndiarray nuneric expression> <plus sign> <ternp
| <mdiarray numeric expression> <mnus sign> <ternp

<md-arrfy nuneric expression right> ::=
<nufreri c val ue expressi on> <plus sign> <nd-array ,nuneric ternp
| <nufreric val ue expression> <m nus sign> <nd-array{nuneric ternp

<md-arrf@y nuneric expression both> ::=
<md{array nuneric expressi on> <plus sign>.<nt-array nuneric ternp
| <mdfarray nuneric expression> <ninus sign>‘<nd-array nuneric ternp

<md-arrf@y nuneric terms ::=
<md{array nuneric factor>
| <mdfarray nuneric termleft>
| <mdfarray nunmeric termright>
| <mdfarray nuneric term both>

<md-arrfy nuneric termleft>~\=
<mdfarray nuneric ternmk <asterisk> <factor>
| <mdfarray nuneric tert ‘<solidus> <factor>

<md-arrfy numeric term+ight> ::=
<tefnp <asterisk>-<nd-array nuneric factor>
| <tefm> <solidus> <nd-array nuneric factor>

<md-arrfy nuneri-Cc termboth> ::=
<ndiarr@y,snuneric ternp <asterisk> <md-array nuneric factor>
| <mdta€ray nuneric ternms <solidus> <nd-array nuneric factor>

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

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

<nmd-array primary> ::=

<val ue expression primry>

<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

by decodi ng>

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

paren> <nd-array val ue constructor by iteration> <right
| <md-array val ue constructor

par en>

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

BNF production Operation
<md-array hoolean expression> R
<md-array boolean term> AND
<md-array boolean factor> Unary NOT
<md-array boolean test> IS [ NOT ]

<md-array comparison expression>

=, <>, <, >, >, 9=

<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”, shows a few examples of induced MD-alrray

expressipns.
Table 20 — Examples of induced MD-array expressions

Examlple SQL fragment Result
ChecK which ele- kernel > 5 = MDARRAY [i(-1:1), j(-1:1)]|I
ments of the MD- S5«<\kernel = Fal se, False, False,
array|are greater NOT (kernel <= 5) Fal se, True, False,
than § (compute a Fal se, Fal se, False]
threshold).
Replake negative ele- | kernel * CAST(kernel < 0 MDARRAY [i(-2:1), j(-L:1)]|[
ment$ with.a 0 AS INT) = 0, 0, 0,
(zero). CASE WHEN kernel < 0 THEN 0, 8, 0,

k O—FEtSE+kernet—END 6—06; C]
Negate all elements. | - ker nel MDARRAY [i(-1:1), j(-1:1)]

[1, 1, 1, 1, -8, 1, 1, 1, 1]

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> converts an SQL value of a certain data type to another data type. 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:
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<md-array base type cast> ::=
<data type> MDARRAY

Another alternative allows combining the above case with renaming the MD-axes (cf. Subclause 6.4.5,
“MD-axis renaming”):

<nmd-array cast> ::=
<data type> MDARRAY <md-array axi s nanmes>

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

1dDIe 21 — Exaﬂiple of Induced MD-ar Tay Casn“g

Example Result

CAST(kernel AS FLOAT MDARRAY) MDARRAY [i(-1:1), j(-1:1)]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 MD-arrays as the search conditions in a
<search¢d when clause>. All search conditions are required to be Boglean MD-arrays (of equal MD)-extents
D) in thg induced case expression; the corresponding <result>s can'be either MD-array or scalar values.

<sear chgd when cl ause> :: =
'l Al alternatives from SO |EC 19075-02
| WHEN <nd-array bool ean expression> THEN <result>

As with pther induced operations, the result is an MD*array of MD-extent D (same as the MD-extent of
the input MD-arrays), while its elements are computed as follows. For each coordinate P in D:

If ar] <md-array boolean expression> in the WHEN clause exists, such that the value of its glement
at coordinate P is True, let R be the valiie of the <result> of the first such WHEN clause.

Oth
ther

brwise, let R be the value of the <result> specified in the ELSE clause. If the ELSE clause isjomitted,
R is the null value.

The element at coordinate P inthe result MD-array is set to R if R is not an MD-array value; othgrwise, it

is set to the element in R at«€oordinate P.

Table 22, “Examples of induced CASE expression”, shows some examples illustrating the use of this
induced|operation. Eigure 15, “Colorized array”, visually illustrates the results.

Table 22 — Examples of induced CASE expression

(zero), and positive
with 1 (one).

THEN O ELSE 1
END

Example SQL fragment Result
Replace negative ele- | CASE MDARRAY [i(-1:1), j(-1:1)] [
ments with a 0 VHEN kernel <= 0 0, 0, 0,

0, 1, 0,
0, 0, 0]

© ISO/IEC 2021 - All rights reserved

41


https://iecnorm.com/api/?name=2ff9d95e152bd5a58a908e351d0a04d5

ISO/IEC

19075-8:2021(E)

6.5 MD-array deriving operators

Example SQL fragment Result

Colorize an MD-array | CASE

with “traffic-light” YFEEE ]E|2|5t5ez) 3) 10

el e=iirroEe 0 0 5 I
han 10 “colored” THEN ( 255, 255, 0)

than 10 “colored” as | g o¢ (9, 255, 0) 4 o 1> |9 4

red, between 10 and | gnp
13 as yellow, and

greater than 12 as 5 12 115412 5

green).
419009 1129 _AP'E

2 4| s ft,\c,gf

Figure 15 — Colorized array

6.5.5 Join MD-arrays on their coordinates

MD-arraEIS in which each element is a composite value consisting of two or more fields are very

in practi
would h
wavelen
useful td
for exani
construg

<md- arr
MDJO
<

[
<righ

e. For example, standard color images typically-have red, green, and blue channels, wi

tor defined as follows:

hy val ue constructor by jwoin> ::=
N <l eft paren>

d-array val ue expressilon as field> <comma> <nd-array val ue expression as f
{ <conme> <nd-array -val ue expression as field> }... ]
par en>

<nmd-arrfy val ue expression as field> ::=

<md- a

MD]JOIN
element
input Ml

ray val uesexpression> [ AS <field nane> ]

performs a‘join on two or more MD-arrays of equal MD-extents based on their coordin
in the'resulting MD-array is a row value constructed from the corresponding elements
D-apray, in the order in which they have been specified.

rommon
nd data

hve U and V components, hyperspectral satellite imagery has many bands covering different
oths (e.g., Landsat 8 has 11 bands, Mars:data from CRISM has 544 bands, etc.). It would be very
be able to create and export such MD-arrays, in order to visualize the result as an RGB image
ple, akin to performing a JOIN on th&’MD-array’s coordinates. This is supported by an MD-array

i el d>

ates. An
of each

The field

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.

Table 23, “Examples of MDJOIN”, shows some examples; A is the 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

MDJO N(A, B, A RON FI ELD1 SMALLI NT, MDARRAY [ x(0: 2)]
FI ELD2 FLQAT, [ RON1, 4.1, 1),
FI ELD3 SMALLI NT) RON2, 6.12, 2),
MDARRAY [ x(0:2)] RON3, -0.2, 3) ]

MDIO NAASTET ROWTet—SMAEHHNF——————————————— T VPARRAY Xt 0—2)

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

A AS bl ue) bl ue SMALLI NT) ROW 2, 6.12, 2),
MDARRAY [ x(0:2)] ROW3, -0.2, 3) ]

6.6 MD-array aggregation

6.6.1 General aggregation expression

UBI NG <val ue expression primary>

[

<nd-arr
<pl

Generally, the structure looks somewhat similar to the <md-array value constructor by iteration>

{array aggregation expression> allows aggregating MD-arrays into a single scalar value| Let us
ifh the grammar definition:

y aggregati on expression> ::=
GATE <nd-array aggregati on operator>
ER <nd-extent alternative>

WHERE <search condition> ]

y aggregation operator> ::=
s sign>| AND| OR | MAX MN

(Subclayse 5.4.4, “Construction by implicit iteration”). An <md-extent alternative> similarly defines an

implicit

oop over all the coordinates within the specified MD-extent, and for each coordinate P,|a <value

expressipn primary> VEPjis evaluated. The MD-axis names defined by the <md-extent alternatiye> can
be refer¢nced as MD=axis variables in the same way. <md-array aggregation expression> does, however,
introdude two new€onstructs.

An <md{array‘aggregation operator> allows the specification of the operation that is used to aggregate

the valu
which a

s of all VEP. This operation is required to be a binary function defined on the type of VEP for

aid in query optimization. Based on these criteria, SQL/MDA defines support for addition, logical conjunc-
tion and disjunction, maximum and minimum. Table 24, “Identity elements for the <md-array aggregation
operator>s”, lists the identity elements for each operator.

Table 24 — Identity elements for the <md-array aggregation operator>s

Operation Identity element

<plus sign> |0

AND rue
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Operation Identity element

OR False

MAX implementation-defined
minimum value (theoretically
—00)

M N implementation-defined
maximum value (theoreti-
cally +o0)

Optionally a <search condition> SCP can be specified, allowing filtering the coordinates:for which VEP
will be ejvaluated: if SCP evaluates to True for a coordinate PM, then VEP is evaluated;.otherwisg, it is
skippedjand does not contribute to the aggregation result. Most commonly this is.used to filter jout the
null valye elements. Table 25, “Examples of general MD-array aggregation”, illustrates general MD-array
aggregafion.

Table 25 — Examples of general MD-array aggregation

Example SQL fragment Result
Calculate the sum of | MDAGGREGATE + 0
USI NG kernel [5, V]
Calculate the sum of | MDAGCREGATE + -8
all elements smaller | OVER MPEXTENT(ker nel)
than 5. USI NGkernel [i, j]
VWHERE kernel [i, j] < 5

6.6.2 S$horthand aggregation functions

Based on the general MD-array aggregation expression introduced in the previous Subclause, SQL/MDA
specified several commonly useful aggregation functions. They are syntactically defined as follgws:

<md-arr @y aggregation function> ::=
<md- afray aggregati on functi on name>
<l eft( paren> <nd-array val ue expressi on> <right paren>

<nd- arr ay~aggr pgafinn function nane> - =
MDALL
| MDANY
| MDAVG
| MDCOUNT
| MDCOUNT_FALSE
| MDCOUNT _TRUE
I
I
I
I

MDCOUNT_UNKNOWN
MDIVAX
MOM N
MDSUM

Table 26, “Predefined aggregation operators”, below lists all aggregation functions, along with their <md-
array aggregation expression> definitions. In that table, 4 is a numeric MD-array, B is a Boolean MD-array;,
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and Cis an MD-array of any element type. All are of the same MD-dimension d and the same MD-extent
D, denoted as [N1(LO; : HI), .., Ny(LOg4 : HI)].

Table 26 — Predefined aggregation operators

Function Description Definition
MDSUM A) Sum of all elements of A MDAGGREGATE +
OVER D
USING A[ Nz, ..., Nyl
WHERE A[ N, ..., Ng] TS NOT NULL
MDAV A) Average of all elements of A | CASE
WHEN MDCOUNT(A) = 0 THEN NULC
ELSE MDSUM A) / NMDCOUNT( A){END
VDM N( A) Minimum of all elements of | MDAGGREGATE M N
A OVER D
USING A[ Nz, ..., &}
WHERE Al N, ..., \Nj] IS NOT NULL
MDMVAX( >A Maximum of all elements of | MDAGGREGATE MAX
A OVER D
USI NG-AENL, ..., Nyl
WHEREMA[ Ny, ..., Ng] IS NOT NULL
VDCOUNT( ) Number of non-null elements | MPAGEREGATE +

inC

OVER D
USI NG 1
WHERE [ Ny, ..., Ng] 'S NOT NULL

MDCOUNT _TRUE( B)

Number of True non-null ele-
ments in B

VMDAGGREGATE +

OVER D
USI NG CASE
WHEN B[Nj, ..., Ny THEN 1
ELSE 0 END
WHERE B[Nj, ..., Ny |'S NOT NULL

MDCOUNT _FAL SE( B)

Number of False non-null
elements in B

MDCOUNT_TRUE(B | S FALSE)

VDCOUNT _UNKNOWK(' B)

Number of Unknown non-null
elements in B

MDCOUNT_TRUE(B 1S UNKNOWN)

VDANY( B) Is there any element in B MDAGGREGATE OR
with value True? OVER D
USING B[Ny, ..., Ny
WHERE B[ N;, ..., Ng] 'S NOT NULL
MDALL( B) Do all elements in B have VDAGGREGATE AND

value True?

OVER D
USING B[Ny, ..., Nyl
WHERE B[ Ni, ..., Ny
I'S NOT NULL
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7 Remote sensing example

7.1 Introduction to remote sensing example

Remote pensing is a very dynamic field, with ever-evolving data analysis techniques guided by modern,
more adyanced satellites, and increasingly powerful computing hardware. Flexible and scaldble software
tools in this context are essential for enabling and supporting the agile pace at which remote sgnsing is
g. This clause shows how several standard remote sensing operations can be‘performe¢d with

advanci
SQL/MD
extractin

7.2 1

g specific features from raster images.

Data setup

A, like band math, computing histograms, band swapping, detecting changes)in time, of

The exatnples in the following Subclauses use Landsat 5 Thematic Mapper (Landsat TM) data. The

Landsat
withal
band (Ts
sizeis 1

Table 27 —‘Landsat TM bands

Thematic Mapper sensor was carried on board Landsats'4 and 5 from July 1982 to May 2012,
b-day repeat cycle. The produced multispectral data has six non-thermal bands plus ong thermal
ble 27, “Landsat TM bands”), all with spatial resolution of 30 meters; the approximate|scene

0 km north-south by 183 km east-west.

Band Wavelength
b1l — 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 | 1.55-1.75
b6 — thermal 10.40-12.50
b7—mid-waveiR 2089—235

Suppose one wants to maintain a database of Landsat TM scenes. The first step is to create the table
schema, which contains metadata about every scene, including acquisition date and quality estimate, and

WRS path/row/type, etc., as well as the 7-band satellite image itself:

CREATE TABLE Landsat TM (
id | NTEGER PRI MARY KEY,
acqui siti on DATE,
wrs_pat h | NTECER,
wrs_row | NTEGER,
wrs_type SMALLI NT,
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