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Foreword

1(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.
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brnmental and non-governmental, in liaison with ISO and IEC, also take part in the work.

procedures used to develop this document and those intended for its further maintenance are
ribed in the ISO/IEC Directives, Part 1. In particular, the different approval criteria negded for t
rent types of document should be noted. This document was drafted in accordanceAvith the edit
5 of the ISO/IEC Directives, Part 2 (see Wwmw. i SO. or g/ di rect i ves or ww. jec. ch/ mem
s_experts/refdocs).

ntion is drawn to the possibility that some of the elements of this document may be the subject
ntrights. ISO and IEC shall not be held responsible for identifying any or-all such patent rights. De

of aliy patent rights identified during the development of the document will be in the Introduction an
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hn explanation of the voluntary nature of standards, the meaning of ISO specific terms and express
fed to conformity assessment, as well as information about ISO’s adherence to the World Trade

d. ht M . In the IEC, see wwv. | ec. ch/ under st andi ng- st andar ds.

mitfee SC 32, Data management and interchange.
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first edition of ISO/IEC 19075-8'cancels and replaces ISO/IEC TR 19075-8:2019.

document is intended to beised in conjunction with the following editions of the parts of the ISO
b series:

ISO/IEC 9075-1, sixth_edition or later,
[SO/IEC 9075-2,sixth edition or later,
[SO/IEC 9075-3, sixth edition or later,
[SO/IEC:9075-4, seventh edition or later,
[SO/IEC 9075-9, fifth edition or later,

trade name used in this document is information given fapthe convenience of users and does njot

ons,

he
brial

of
tails
1/or

he ISO list of patent declarations received (see www. i S0. or g/ pat'ent s), or the IEC list of patent

ions

inization (WTO) principles in the Technical Barriers to Trade (TBT) seewww. i s0. or g/ i so/ f of e-

document was prepared by Technical Gommittee ISO/IEC JTC 1, Information technology, Subcom-

[EC

I50/IEC9075-10, fitth edition or later,
ISO/IEC 9075-11, fifth edition or later,
ISO/IEC 9075-13, fifth edition or later,
ISO/IEC 9075-14, sixth edition or later,
ISO/IEC 9075-15, second edition or later,
ISO/IEC 9075-16, first edition or later.
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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

1(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
The
1)
2)
3)
4)

5)
6)
7)

organization of this document is as follows:

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

Clause 2, “Normative references”, identifies standards that are referenced by thisdocument.
Clause 3, “Terms and definitions”, defines the terms and definitions used in this‘document.

Clause 4, “Multidimensional arrays (MDA) concepts”, introduces the con€ept of Multidimensior
Arrays.

Clause 5, “SQL/MDA data model”, introduces the data model.
Clause 6, “SQL/MDA operations”, covers the supported operations on MD-arrays.

Clause 7, “Remote sensing example”, illustrates the supported functionality through realistic exam

al

bles.
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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 |Scope

Thiq document describes the definition and use of multidimensional arrays in SQL.‘Multidimensionpl
arrays represent a core underlying structure of manifold science and engineering data. It is generally
recdgnized today, therefore, that arrays have an essential role in Big Data and&hould become an intggral
parf of the overall data type orchestration in information systems. This doeiiment discusses the syntax

and|semantics of operations on the MD-array data type defined in ISO/HEE9075-15.
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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

refefences, the latest edition of the referenced document (including any amendments) applies.
§0/IEC 9075-1, Information technology — Database languages — SQL — Part 1: Framework
$0L/Framework)
§0/IEC 9075-2, Information technology — Database languages — SQL — Part 2: Foundation
$QL/Foundation)

~ —

~ —

q

§0/1EC 9075-15, Information technology — Database languages — SQL — Rart 15: Multidimensipnal
Arrays (SQL/MDA)

[
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Terms and definitions

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

ISO

3.1

coordinate

nonfempty ordered list of integers

3.2

cardinality

nunjber of elements in an MD-array

3.3

MDiarray

ord¢red collection of elements of the same type associated with an MD-extent where each element i
assqciated with some coordinate within its MD-extent

Note¢ 1 to entry: A coordinate is within an MD-extent jf.évery coordinate value from the integer list
gredter than or equal to the lower limit, and less than‘or equal to the upper limit of the MD-interval
the MD-axis at the position in the MD-extent as.the‘coordinate value has within the coordinate

34

MD;axis

nanjed MD-interval

3.5

MDidimension

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

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

3.6

MDiextent

nonfempty ordered collection of MD-axes with no duplicate names

3.7

MDjinterval

integérinterval given by a pair of lower and upper integer limits such that the lower limit is less tha

ANd TEC mMaintain terminoltogical databases for use in standardization at the following addresse
[EC Electropedia: available atht t p: / / www. el ect r opedi a. or g/

[SO Online browsing platform: available athtt p: / / www. i so. or g/ obp

1:1

IS
of

n or

equ

tto the upper Himit; the imtervatis ctosed, 1&,, botr iimitsare contained w1t
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4 Multidimensional arrays (MDA) concepts

4.1

Context of multidimensional arrays

The|requirements for the material discussed in this document shall be as specified in ISO/IEC'9075
and|ISO/IEC 9075-15.

4.2

The

The

pro
datd

A multidimensional array (MDA) is a set of elements otdeéred in a multidimensional space. The spac

cons
adn]
ticu

An 4

value (such as integer triples for the red;green, and blue components of a true-color image). All elem
of ap array share the same structure, referred to as the array’s element type.

4.3

Larg
with
timg

phrase “(Multidimensional) array, raster data” is used to refer to arrays generally, in contrast tg
MD+array term confined to the realm of SQL/MDA. It is not to be confusedwith the term “array” in ISO
907p-2. This document uses the term ARRAY for the original SQL array collection type.

array concept is a simple and efficient data representation that finds its use in a wide array of fi
business-related as well as scientific and engineering. Many sensors, images, image time-series, simula

Concept

esses, statistical models, and so on, produce raw data that'can immediately be classified as arrg
. These data may be naturally arranged along more than one axis: position and time, for examp

idered here is discretized (also called rasterized or gridded), that is, only integer coordinates a
itted as positions of the individual array elerients. The number of integers needed to refer to a
ar position in this space is the array’s dimeénsion (sometimes also referred to as its dimensional

lement can be a single value (such as\an intensity value in case of greyscale images) or a compqg

Why considersupport for MDA in SQL?

e multidimensional arrays in particular represent a prevalent data type across most scientific dom
examples inehiding 1-D sensor data, 2-D satellite images and microscope scans, 3-D x/y/t ima
-series andX/y/z voxel models, as well as 4-D and 5-D climate models.

T
[u

the
IEC

b]ds,
tion
y
e.

D

re
par-
ity).

site
ents

hins,

pe
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4.3 Why consider support for MDA in SQL?

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

ensional array.of unsigned 8-bit integer elements positioned at coordinates in {0, 1, ..., 1023}2 ST

ys rarely.occur isolated in practice and are typically ornamented with metadata and embedded
er overall information structures. Supporting them in narrowly specialized ad hoc tools or dedic
y DBMS is thus insufficient when it comes to building modern, complex services and applicatio

'ray terms, the ithage in Figure 1, “Aerial greyscale image of size 1024x1024 (San Diego)”, is a 2}

ace.
in
hted

1S.
next

suggests that integration of array querying into a standardized framework like SQL is a logical

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.
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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 PDF, JPEG, PNG, and XML.

4.5

Use cases for MDA support in SQL

4.5

The

Foll
is rg

The

4.5

The

As d
Ino
fits

imp
into|
whi

Whi

phy.
don
for]

Itis

1 The use cases

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

pwing are the primary use cases that support for multidimensional arrays in the SQL-environm
quired to satisfy.

Array data ingestion and storage.

Integrated querying of array and relational data,
Updating stored array data.

Exporting arrays.

following Subclauses discuss these use cases in greater detail, and how SQL/MDA addresses th

2 Array data ingestion and storage

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

iscussed earlier in Subclause 4.4;“Array representations”, arrays exist in a wide variety of form
der to work with them in a generic way in SQL, it is necessary to build an abstract data model t
vith the SQL philosophy. The:MD-array as defined by SQL/MDA provides exactly such a data mg
emented as a new attribute type MDARRAY. Ingestion of array data encoded in an external fori]
SQL involves transfofming it or decoding it into an instance of the internal MD-array data modj¢
Ch is then inserted.into an MDARRAY column of an appropriate type.

It “decode” means in practice depends on many factors, including the data format, the details of
bical storage.of MD-arrays in a specific DBMS, system architecture, etc. This document and the stan
ot dive into'these technical details of array data ingestion beyond providing a default specificat

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

ent

hts.
hat
del,
nat
I8

Hard
jon

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

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 res
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4.5 Use cases for MDA support in

1(E)
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.

As

MD2

This
isri
nun
SQL
and

4.5

Rea

3 Integrated querying of array and relational data

RRAY thatis manipulated through a functional and operational interface described in this doeun
is similar to the existing ARRAY and MULTISET collection data types, except that the opefation
Cher. Integration with other data types is seamless (e.g.,, multiplying the values of all eleménts d
eric MD-array column A with the single value of a numeric column Cis simply A * C)sand the ger

vice-versa, an MD-array from an SQL table with the appropriate structure.

4 Updating stored array data

1-only access to MD-array data is clearly insufficient. Array data is very often continuously and regu

prodluced, e.g.,, a temperature sensor taking a reading every hour‘ar a satellite periodically taking eg

obsg
and
MD-
upd

4.5

Fred

somje external representation. This is.the counterpart of array data ingestion discussed previously in

Sub

4.6

All g
toq
ther

brvation images as it orbits around the Earth. In addition,a)single array can exceed terabytes in
for practical reasons it might be split into multiple smallerarrays; ingesting them all into a sing
array column requires piece-wise extension and updating of the column. Therefore, SQL/MDA all
ating of entire MD-array values, as well as specific subsets of an MD-array.

5 Exporting arrays

uently the result of operations on\MD-arrays will be an MDarray, which needs to be exported u

clause 4.5.2, “Array data ingestion and storage”.

Non-Use cases: Direct access to external array data

ccess to arraydata requires that the array data is first imported into the SQL environment. In o
ery external-array data using SQL, applications are required to access external arrays themsely
insert those data into MD-array values, perhaps by using the MDDECODE function.

ype

ent.
set
fa
eral

query mechanics are unchanged. In addition, it is possible to generate an SQL tablefrom an MD-afrray

arly
rth-
Kize,
le

ows

5ing

rder
res,
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5 SQL/MDA data model

5.1

Data maodel concepts

The
dist
low

The
and

5.2

MDA
stru
arra

The terms “array

SQL/MDA".

MD-array

y value.

SQL/MDA model is essentially represented by the concept of MD-array. It is necessary to-clearly
nguish between array values “outside” the DBMS, and their analogs “inside” the DBMS; The the|fol-
ng convention is used:

”
)

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

The terms “MD-array” and “SQL/MDA’ refer to constructs within the SQE-environment.

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

«

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

relationship between “MDA” and “SQL/MDA” is illustrated in Figure-2;.“Relationships between MDA

> decode <} SQL/

MDA
< encode ..=—= | MDA

Figure 2 — Relationships between MDA and SQL/MDA
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element at
] I+ -1-11-1 coordinate [1,0]
MD-axis 4 -

i1

5.3

5.3

The
und

1)

2)

5.3

SRR PR SN S|

\ — >
-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 illusttated on a sample 3x3 array

MD-array type definition

1 Type definition concepts
definition of an MD-array (see Clause3, “Terms and definitions”) is a good starting point in ord
erstand what components are neéeded for the type of an MD-array:

“An MD-array is an ordered eollection of elements of the same type ..” So, one thing needed to sp¢
the type of an MD-array is'the type of its elements, more specifically known as the element type.
is no different from the existing ARRAY and MULTISET.

“..where each element is 1:1 associated with some coordinate within its MD-extent.” Hence, th¢

2 Element type

other part needédis an MD-extent that delimits the coordinates of the elements in an MD-array.

PT to

pCify
This

4

MD+

arrays stand out from the spectrum of collection types in that the storage location of an elemen

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,
no handling specifically of MD-arrays is needed.

© ISO/IEC 2021 - All rights reserved
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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:

5.3/3 MD-dimension

The[MD-dimension is an essential property of an MD-array that indicates how many-MD-axes it has.
MD+arrays of different MD-dimensions are fundamentally different. Therefore, an'MB-array type th
spegifies a certain MD-dimension admits only MD-array values of that MD-diménsion.

An MD-array has an MD-extent that is a list of MD-axes. Each MD-axis has.aname, a lower limit, and
uppkr limit.

5.3/4 MD-axis names

The|name of an MD-axis uniquely identifies that MD-axis,"which becomes relevant in operations th3
refef to the MD-axes of an MD-array. In operations on twg-6r more MD-arrays, the names of correspon
MD-axes are required to be the same; a regular 2D x/y image is completely different from a transpo
y/x Image, after all. [t might happen that some MD-atrays correspond semantically, while the correspon|
axis names are different (for example, “t” innahe MD-array and “time” in another); SQL /MDA proviides
a CAST variant for such cases that allows explicitly renaming the MD-axis names.

MD+

5.3)5 MD-axis lower and upper limits

Thellower and upper limits af the MD-axes are not fundamental to the nature of an MD-array. MD-ar
with different lower and upper limits might still be related to each other, as the following example i
trates.

Suppose there exist. greyscale satellite images of each country in the world in the same resolution. I
SQLYMDA theywould be 2-dimensional MD-arrays of different sizes (the “width” of the first MD-axis
“height” of the second MD-axis), as there are smaller and larger countries. In a “map” of the whole wj

in the same resolution1 the MD-array for each country would be placed at a different position on th
overall map (Flgure 4, Placement of satellite i images of each country ona world map (from Geograj
Bouhding [ A imits :
MD- arrays Nevertheless they are related to each other and it would be benef1c1al to p0551b1y to put

TY is a collection type.
TY is a row type, and the declared type of some field of TY is a collection-containing type.
TY is distinct type, and the source type of TY is a collection-containing type.

TYis a structured type and the declared type of some attribute of TY is a collection-containing

pe.

T'wo

an

t
ding
sed

ding

rays
lus-

and
orld

e
bhic

them in a single MDARRAY column, connecting them to further columns holding metadata like the
country name, geographic boundaries, population, etc.

1

10

“resolution” refers to the real size of a single pixel, e.g.,, 30 meters
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Figure 4 — Placement of satellite images of each country on a world map (from Geographic
Bounding Boxes)

Thetefore, MD-array values can have varyinglower and upper limits. The MD-array type can optionally
be declared with minimum lower and maximum upper axis limits; if no limit is defined for an axis, if can
extend to the implementation-defined axis limit.

5.3)6 Putting it all together

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

<nmd{array types/ Y=
<dat a type>\WDARRAY <maxi nmum nd- ext ent >

So specifyinga column of MD-array type requires specifying first the element type, followed by the keyword
MDARRAY, and a maximum MD-extent at the end. Continuing with the specification details of <maximum
md-extent>:

<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 name> ::=
<ildentifier>

<mefi mum nd- axi S anonynous> :: =
<faxi mum nd-axi s lower |imt> <col on> <maxi mum nd-axis upper limt>

Regplar <maximum md-axis> has a mandatory MD-axis name, while <maximum md~axis anonymous>
drops the need for an MD-axis name. This is just a convenience construct: sometimes the names are
irrelevant. However, for consistency and simplicity, ISO/IEC 9075-15 assumes-that MD-axes always have
aname. So, in this case, default MD-axis names are automatically generated\(see Subclause 8.1, “<data

typg>" in ISO/IEC 9075-15) in the form of “D1” for the first MD-axis, “D2"\for the second, and so on

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

<meji mumnd-axis lower limt> ::=
<qd-axis limt>

<meXi mum nd-axi s upper limt> ::=
<pyd-axis limt>

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

<md{axis limt fixed> ::=
<gigned nuneric literal >

A mpximum MD-axis limit can(be specified as an integer literal, but can also be specified with a “*”, which
marks that a particular lower or upper limit of an MD-axis should not be checked against any maxirhum
valde. So, specifying a “*”{for both the lower and upper limits of an MD-axis is equivalent to leaving them
out pltogether.

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

Table 1 — Examples of MD-array type definitions

Elxample 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 [tenp]

2-D MD-arrays of integer ele-
ments, with no upper/lower limits

I NT MDARRAY [*:*, *:*]

off the coordinates. Ihe MD-axis
npmes are not specified (anony-
njous).

LD MD-arrays of integer elements
hd maximum size 3x3 elements.
he MD-axis names are i and j.

— o N

SMALLI NT MDARRAY [i(-1:1), j(-1:1)]

3D MD-arrays corresponding to
t

1

ime-series cubes of satellite
ages over a certain area. The

time MD-axis t has no upper limit,

allowing new images to be
appended to each cube indefi-
njtely.

SMALLI NT MDARRAY [t (0:*), x(0:7999)Jy(0: 7999)]

N

D MD-arrays of maximum size
024x1024, corresponding to RGB
images (having red, blue, and

=

green channels as 8-bit unsigned

integer components).

CREATE TYPE RGBPi.xel AS (
red SMALLI NT, green SMALLINT, blue SMALLINT )
RGBPi xel NMDARRAY [ x(0:1023), y(0:1023)]

5.4 MD-array creation

5.4

The
opp

1)

2)

1 MD-array creation concepts
Fe are several ways to introduce MD-array values into the SQL-environment “from scratch” i.e.,,
bsite of deriving from existing MD-array values:

In direct.enumeration, all the MD-array’s elements can be listed in row-major order (unrelated
any,ifiternal array representation).

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

the

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
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5.4

The
expl

MD-array creation

definition of <md-extent alternative> is given below, indicating that it can be either specified
icitly with <md-extent>, or sourced from another MD-array through an <md-array extent> (MDEX-

TENT) function:

<nd-

I
<nd-

<l

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

extent> ::=

aft by acleiat or + ¢ X h fae |
T ToCiteT—0O T T T ot

<nd-

<fd-axi s> [ { <comme> <nd-axis> }... ]

<nd-

<fd- axi s nanme> <l eft paren>

<nd-

<gureric val ue expressi on>

<nd-

<gumeric val ue expressi on>

<nd-

MDEXTENT <l eft paren> <nmd-array val ue expressi on> <right paren>

The

5.4

Ind

required to be specified with an <md-extent alternative>.

For
ther
(las

Mat
Sup
HIg)
Dis

—_

whd

axis list> ::=

axis> ::=

<nmd-axis lower linmt> <colon> <nd-axis upper limt> <right paren>
axis lower limt> ::=
axis upper limt> ::=

array subset extent> ::=

following Subclauses present each case in detail.

2 Explicit element enumeration

rect enumeration, all of an MD-array’s elements can be listed in row-major order; the MD-extent is

h 2-dimensional matrix, “row-majororder” means that all elements of the first row are listed in ofder,
all elements of the second row; etc. This is easily generalized to multiple dimensions: the inner-rpost
) MD-axis varies fastest, followed by the second last MD-axis, and so on.

hematically, the multidimensional coordinate to linear index translation can be specified as follpws.
bose an MD-array of MD-dimension d, with an MD-extent D denoted as [N1(LOq : HI{), ..., Ng(LOjy :

. Let E;be HI; - LO;+1. The row-major linear index (starting from 1) of a coordinate [Py, .., P4] within
given by:

+ LPd + Ed y (Lpd-l + Ed-l . ( + Ez . LPl) ) =1+ Z?zlLP,- . I_IJ-(i:i+1 E]

re LPi:Pi—LOiZ.

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

<nd-

array val ue constructor by enuneration> ::=

MDARRAY <nd-extent alternative> <nd-array elenment |ist>

<md-
<|

<nd-

array elenent list> ::=
eft bracket or trigraph> <nd-array elenment |ist inner> <right bracket or trigraph>

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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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

E

|xample

SQL fragment

Q =h D =

LD MD-array of 10 floating-point
ements at coordinates ranging

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

pordinate [10] is -0:5, at [11] is
1:5, and so on.

MDARRAY [t enp(10: 19)]
0.34, 1.5, 0.2,

[-0.5,

1.15, 0.033]

-1.5,

-0.34, 0.1,

1,12,

L DA S S OO0 NN

LD 3x3 convolution kernel, as
nown on Figure 3, “The structure
f an MD-array value illustrated
h a sample 3x3 array”. The ele-
lent at coordinate [0;0] is 8,
hich is the fifth element in the
md-array elementlist>, while the
ements at all other coordinates
re —1.

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

(-1:1)]

[_

1, -~

-1, -1, 8,

-1, -1,

— W

)

|—|w1—|z

LD 2x2x2 MD-array of 8 SMALL-
NT elements, such that the ele-
jent with value 1 is at coordinate
;1;2], 2 is at coordinate [0;1;3],
at[0;2;2], 4 at [0;2;3],5 at
;1;2], and so on.

MDARRAY [ x(0:1),
8]

y(1:2),

z(2:3)]

[1, 2, 3, 4 5 6 1,

5.4

Ata
defi

<nd-

hed as:

3 From SQL tablequery result

array value constructor by query> ::=

MPARRAY<=nd- ext ent al ternati ve> <tabl e subquery>

The

<md+extent alternative> specifies an MD-extent D with d MD-axes, denoted as [N1(LOq : HI4), ...

bular query result-can be converted to an MD-array with an <md-array value constructor by qudry>,

Ng(

criteria so that constructing an MD-array from it will be possible:

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

U4+ Hiz)-Basedon it the SQL table T produced by the <table subquery>isTequired to satisfy ce

tain

The names of d columns in T are required to correspond to the MD-axis names in D; these columns
are called coordinate columns. The remaining column is the element column.

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

© 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.

Figyre 5, “Example of an SQL table that corresponds to a 3x3 MD-array”, provides an example of an|SQL
tablp that satisfies these constraints. See Figure 3, “The structure of an MD-array value illustrated oh a
sampple 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 -1 -1
1]-l -1 e >
-1 A0 1 i

10 1
1|1 1

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

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

Figyre 6, “Example of an SQL table conveftted to a 3x3 MD-array with MD-extent [i(-1:1),j(-1:1)].”, shows
the MD-array that results when somé of the coordinates in the specified MD-extent are missing fronj the
inpyt table. The missing elements are set to SQL null values (denoted as “w” on the figure).

i| j | element 4

1|1 1

01 1 Irf-tjef-
N

0| o0 8 O (of8(-1

1|0 1 At e 1o

11 -1 ]
100 1 i

Figlrre 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 i[ il,idiil.iug dll rV‘ID'dl Idy WiLh 4CT0US Ul Lhe uuﬁ leuc, fUl t!)&dlllplU.

To make it more generally useful, this constructor is defined so that in some sense it creates an~implicit
loog over the <md-array element> expression. The MD-axis names are at the same time MD-axis “itergtor”
varipbles that range from the lower to the upper limit of the particular MD-axis. The scopeiof the MPD-
axis|variables is the <md-array element>, where they can be referenced to dynamically\generate the
value of each element. For every element of the constructed MD-array, all MD-axis variables taken together
(inl:Ihe order of MD-axes in the MD-extent) essentially refer to the coordinate of thatelement; 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 usinyg
this|constructor, starting from creating simple constant MD-array, to mofe complex MD-array derivdtion
cases.

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

o

feach element is equal to the sum'efits x and y coordinates.

Example SQL fragment

2tD constant MD-array such that the value of each:elément | MDARRAY [x(0:9), y(0:9)]
i 0 (zero). ELEMENTS 0

1tD “gradient” MD-array of 10 elements, in which the value | MDARRAY [x(0:9)]

of each element is equal to its coordinatex ELEMENTS x

2tD “gradient” MD-array of 100 elements, in which the value | MDARRAY [x(0:9), y(0:9)]

ELEMENTS x + vy

LD MD-array, which is derived from an existing MD-array
with MD-extent [x(0:9)5y(0:9)], so that the value of each
ement in the newly created MD-array is the square of the
brresponding element in A. Note that MD-array element
pferencing is usedin this example, which is explained in
jore detail later'in this document.

MDARRAY MDEXTENT( A)

ELEMENTS POMER(A[ X, y], 2)

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-

MDDECODE <l ef t paren> <string val ue expressi on> <conma> <for mat

<nd-

array val ue constructor by decoding> ::=
<nmd-array returning clause> <right paren>

array returning clause> ::=

RETURNI NG <nd- array type>

© ISO/IEC 2021 - All rights reserved
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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).

3) [Finally, an <md-array returning clause> requires specification of the MD-array type that would rgsult
from decoding the <string value expression>. The MD-array structure cannot be inferred without
decoding the string, so to allow proper type-checking it is necessary to explicitly specify the reqult
type. In this context, the “*” normally allowed by <md-array type> is prohibited; th€é\exact MD-extent
of an MD-array value is being described, which does not have infinite or indefinite’MD-axis limils.

Thig mechanism provides a hook for SQL-implementations to define array -~ MD-array decoders as

desired.

SQLYMDA itself standardizes the decoding process of JSON-encoded arraysidentified by <formatidentifier>

'apglication/json’. It is expected that the JSON array is embedded as a mémber with key 'data’ within a

JSOIN object. The JSON object could potentially contain more membéers acting as metadata that are ylti-

mately ignored by MDDECODE. Table 4, “Examples of MD-arrays-Cteated from JSON-encoded arrayy”,

lists{ some examples of decoding JSON arrays to MD-arrays.
Table 4 — Examples of MD-arrays created from JSON-encoded arrays
Example SQL fragment
1D “gradient” JSON array of 6 ele- | MDDECODE(" { "data®: [1, 2, 3, 4, 5, 6] }',
ments, in which the value of each "appl i cation/json' .
element is equal to its coordinate. ETURNING | NT MDARRAY [x(1:6)])
2tD MD-array from a 3x3 convolution' | MODECODE(" { "data": [[-1, -1, -1], [-1, 8, -1], [-1,
kprnel array encoded as JSON (&f. R D AR
Figure 3, “The structure of amMD- RZ?B:?"\I::‘EE IO%J :/BZRRAY LD (11
afray value illustrated on‘a sample [P(-1:1), 7(-1:01)
3Kk3 array”).
3tD MD-array froma 1x3x2 array MDDECCDE(' { "data": [[[1, 2], [3, 4], [5, 6]]] }",
ehcoded as JSON: "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.

Whgn Sis an MD-array, its element type has to be compatible to the element type of T. The next:Subclapises
pregent these alternatives in more detail; multiple examples are used to illustrate the concepts based on
a table defined as follows:

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

)
Tendp contains a single row with value MDARRAY[t(1:1), x(1:1), y(1:4)] [0-6,,0.0, 0.0, 0.0].

5.5{2 Updating MD-arrays of equal MD-dimension

Tw(d cases are supported when the source and target MD:arrays, 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 replafres
the value of T with the specified MD-array value:

UPDATE Tenp SET T = 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 Témp is now MDARRAY[t(1:1), x(1:1), y(1:3)] [0.0, 1.0, 2.0].

2) |When T is restricted to a certain 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 only|the
elements in T at coordinates within the MD-extent [t(1:1), x(1:1), y(1:3)]

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

The valueof 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 qr be
completely disjoint as well in Wthh case the final MD- extent w1ll be the union of the two MD-exte

and allelemen A allla a a a a N a a
Figure 7, Example of array update 111ustrates thlS Vlsually 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.

sHues;
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Aty

Figure 7 — Example of array update

pical situation that entails using the second alternative is combining a set of satellite images as

acqtired by a satellite into a global world map. All satellite imageSyas well as the final map are 2-din

sion

MD]

5.5

Ofte
arra

al. The map would be updated in turn with each satellite image (which may need to be “shifted”
HIFT (cf. Subclause 6.4.4, “Shifting”) to the correct position in the map.
3 Updating MD-arrays of greater MD-dimension

n, S could be an MD-array value of smalles dimension than T. In the following example, a 2-D M
y is assigned to a 3-D MD-array, and the t slice coordinate where the source 2-D array will be pl

canfot be inferred, so it is necessary to-specify it explicitly:

UPDA

[«

N

As 4l
[0.0

Thid
speq
arra

\TE Tenp

$ET T[t(2), x(1:1), y(1,.289" =

DARRAY[ x(1: 1), y(1:4)]'[)5.0, 1.0, 2.0, 3.0]

result, the value of T injthe single row of Temp would be changed to MDARRAY[t(1:2), x(1:1), y(]
0.0, 0.0, 0.0, 5.0, 1.0,2.0, 3.0].

ify slicing coordinates, as illustrated in Figure 8, “Updating a 3-D MD-array with a 2-D source M
y".

is fairly simjlar to the previous case, except that now in the subsetting MD-extent it is allowed

hen-
ith

D-
hced

4]

D-
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Figure 8 — Updating a 3-D MD-arra&fﬁﬁh a 2-D source MD-array
s@
5.5{4 Updating a single element of an l\@g'array

O

X

To update a single element in T, the subsetting MD-extent has to provide slice coordinates for each MD-
axis|of T. For example, this query wil ate the element at coordinate [1, 1, 1] to 5.2, so that the v3lue
of T|in the single row of Temp will be MDARRAY|[t(1:1), x(1:1), y(1:4)] [5.2, 1.0, 2.0, 0.0]:

UPDATE Tenp SET T[1, 1, a@

o)
5.6 Exporti@m-arrays

e
5.6/1 E@ng to a data format
& . .

To ble use . ee . . e exte :
tation. Thls is done usmg a counterpart to the MDDECODE function 1ntroduced 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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parameters that MDENCODE expects are as follows:

First is 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

2045 and Media Types).

3) Finally an <md-array encode returning clause> allows specification of the data type that would result

RETHRNINC class

fraxm—an dina th vad-arrarz ol o axza o ool o T adcoxtion ] oo Lol o
TOTIT CTICOtTIT S trrC—<TIrGarray varaC CApTCSSTOT> T T INE T O TN IV O Cra o s C 5~ OporoTar,arrtr vy 11cT

omitted, the result type is assumed to be either a character string type, if the <format identifierp is
equivalent to 'application/json’, or binary string type otherwise, given that arrays are most ¢ommpnly
encoded in binary.
As with MDDECODE, encoding to JSON arrays is standardized in SQL/MDA. MD-arrays-are linearizef to
JSON in row-major order, with each MD-axis (row) “change” marked with opening and)closing brackets.
The[recursive pseudo-code function G below illustrates the process of encoding an MD*array A of element
typgq ET, MD-dimension d, and an MD-extent denoted as [N1(LOq : HI;), .., Ng(LO4:HlI)]. In case the elerhent
typgq is a row or structured type, the algorithm uses the symbols DET as theidégree of ET and FN; as|the
nanje of the i-th field/attribute in ET; furthermore, operations defined laterin the document are usg¢d,
in particular MD-array subsetting, element reference, and functions that get the name and the lower|jand
uppkr limit of an MD-axis. Corresponding to the <md-array value constructor by decoding> (cf.
Subflause 5.4.5, “Decoding a format-encoded array”), the resultinig JSON array is embedded into a JSON
objdct as a member with key 'data’.
G(A)| := JSON OBJECT( 'data' VALUE F(A) FORMAT JSON)
F(AY {
lét N be MDAXI S_NAME(A 1),
| ét LO be MDAXIS_ LONA, 1),
lét H be MDAXIS_HI GH(A 1)
i ff MDDI MENSION(A) = 1 (one), then {
if ET is a rowor structured type, “then
return JSON_ARRAY(
JSON OBJECT(FN; : A[LO:FNi, ..., FNper @ AL : FNogr ),
JSON OBJECT(FNy : AFHN]:FNe, ..., FNogr @ ALHIT: FNoer ),
el se
return JSON_ARRAY(AFLO, ..., AlH]) }
ellse
return JSON ARRAYCF(AIN(LO]), ..., F(AIN(H)]))
}
Table 5, “Examplés of MD-arrays encoded to JSON arrays”, below lists the inverse cases of the examples
proyided previpusly on Table 4, “Examples of MD-arrays created from JSON-encoded arrays”.
Table 5 — Examples of MD-arrays encoded to JSON arrays
Example SQL fragment JSON result
1-D “gradient” MD- VDENCODE( MDARRAY [ X(1: 6) ] "{ "data": [1, 2, 3, 4, 5, 6] }'
array of 6 elements | [1 2, 3, 4, 5 6],
"application/json'
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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'

352 MP-array-of - VMDENCCDECMDARRAY o
elements [t(0:0), x(0:2), y(0:1)] [[[1, 2
[1, 2, 3, 4, 5, 6], 'applica-
tion/json")

13, 41, [5 6]]] 3

o >

5.6]2 Converting to an SQL table

Conyerting an MD-array to an SQL table is useful whenever the perspective of using general SQL wquld
be more adequate. There are situations that cannot be addressed strictlywithin SQL/MDA, but that
gen¢ral SQL would have no problems with. For example, the ability to-order the elements of an MD-alrray
by spme criteria is not foreseen in SQL/MDA itself, as it is not a comtnonly used array operation; converting
to an SQL table and using ORDER BY would be an acceptable alternative in this case.

An §QL ARRAY can be converted to an SQL table with the UNNEST operator. SQL/MDA similarly use§ the
UNNEST operator for this purpose, tailoring it to MD-arrays. This is defined in Subclause 7.6, “<table
refefence>", of ISO/IEC 9075-2. The <collection derivedtable> expression goes in the FROM clause pf a
query. In SQL/MDA, the parameters list is restricted to a single <collection value expression>.

<colfl ection derived table> ::=

UNNEST <l eft paren> <col | ecti on val ueyexpressi on>
[ { <comma> <col |l ection value expression>}... ] <right paren>
[ [WTH ORDI NALI TY ]

¢}

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

1) [By default, when WITH ORBINALITY is not specified, UNNEST of an MD-array is approximately| the
dual operation of the MD-array value constructor by query previously introduced in Subclause 5.4.3,
“From SQL table queryresult”. In this case, UNNEST results in a table with columns for each MD{axis
with the same nanie’as the MD-axis name (unless modified by a <parenthesized derived columpn
list>), 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-mdjor
order eortfesponding to the MD-array elements.

Conpidenrthe 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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Table 6 — Result of example UNNEST query

X y value
1 1 1
1 2 2
2 1 5
2 2 6

Conpidering the same query, but with WITH ORDINALITY added:
SELECT T.*
FROY UNNEST( MDARRAY[ x(1:2), y(1:2)] [1, 2, 5, 6])

W|TH ORDI NALI TY AS T(ord, X, y, value)

The|result is shown in Table 7, “Result of example UNNEST query specifying WITH ORDINALITY".

Table 7 — Result of example UNNEST query specifying WITH ORDINALITY

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

A mpre complex problem is to find the ten most frequent elements in an MD-array. This can be don¢
computing a histogram on the aryay by counting how many elements there are of each value in the eler
typg range, which is then converted into to a table in order to get the most frequent values after it h
been sorted. In the query(below, let T be a table with an MD-array column 4 of type NUMERIC(2, 0)
a primary key column+ramed id.

SELECT H. val ue
T, UNNEST(SSELECT MDARRAY[ val ue(-99: 99)]
ELEMENTS MDCOUNT_TRUE( A = val ue)
FROM T ) AS H(value, total)
P BY\H. val ue
R-BY SUM H.total ) DESC

e by
hent
as

and

FETCH-H-RST—16—ROAE
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6 SQL/MDA operations

6.1 __Introduction to SQI./MI’)A operations

Thelfollowing Subclauses describe the operations in SQL/MDA defined on MD-arrays, that result’either
in MD-array values again, or in some other SQL data values. Each operation is illustrated with*variopis
examples based on the following SQL tables and sample data.

A simnple table of small 2-dimensional convolution kernels is created. It holds a single.pow with the Bx3
edge detection kernel shown in Figure 2, “Relationships between MDA and SQL/MDA”, plus a 5x5 fi|ter
kernel in another column. For conciseness, the examples often consist of only,the relevant SQL quety
fragment referencing the kernel or filter MD-array attributes, instead of showing a full SQL query.

CREATE TABLE kernels (
id | NTEGER PRI MARY KEY,
name CHARACTER VARYI NG 50),
kernel SMALLI NT MDARRAY [i (-100:100), j(-100:100)],
fill ter SMALLI NT MDARRAY [i(-100:100), j(-100:100)] 9

| NSERT | NTO kernel s VALUES

(1, 'Edge detection',
VDARRAY [i(-1:1), j(-1:1)] [-1, -1, -1,
-1, 8, -1,
-1, -1, -1¢
VDARRAY [i(-2:2), j(-2:2)] [2, 4, 5 4" 2,
4, 9, 12) 9, 4,
5, 12).15, 12, 5,
4,.9y 12, 9, 4,
2,04, 5 4, 2])

6.2 MD-extent probing operators

Theffunctions listed below allow getting information about the MD-extent of an MD-array; AVE correspdnds
to <md-array value'expression>. In ISO/IEC 9075-2, they are defined in Subclause 6.30, “<numeric value
fundtion>", Subclause 6.32, “<string value function>", and Subclause 9.1, “<table reference>". Table B,
“Exgmples with MD-extent probing functions”, shows examples for each function.

1) |[MDDIMENSION(AVE)

Rafiaramc o NI din qn ooy 04l o NI
NCTUT IS5 trC IV~ uTTICIrSTOTI OT Ot IV

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.
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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
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>)

MD-

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.colu
holding the respective information for each MD-axis of the MD-array’s MD-extent.

MDMAX_EXTENT(AVE)

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

Table 8 — Examples with MD-extent probing functions

Example Result

MDDIMENSION (kernel) 2

MDAXIS_INDEX(kernel, j) 2

MDAXIS_NAME(kernel, 1) i

MDAXIS_LOW (kernel, 1) = MDAXIS_LOW,kernel, i) —1

MDAXIS_HIGH (kernel, 2) = MDAXIS_HIGH (kernel, j) 1

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

MDMAX_EXTENT (kernelj 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

mns

MD-

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[|pos1, poSp, ..., posq]
One|way to interpret posi, posy, .., posy is as a list of integer values related to the particular MD*axgs
basgd on their order of appearance. pos; specifies a position on the first MD-axis in AVE, pos, on the

secdnd, and so on. This is called positionally dependent referencing.

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

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

AVE[|nameq(pos1), ..., nameq(posy)]

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

array element reference. In either case, specifying a coordinate’'which is within the maximum MD-extent
but hot within the MD-extent of the MD-array will result in anull value. Specifying a coordinate whith is
not within the maximum MD-extent is an error condition:

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

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

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

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

kermel.[50, 0] null
kernel [ -1, 1000] error
kernel [x(0), y(0)]

kernel [i (0), 0]

Thelfulligrammar definition is as follows:

<nmddarray elenent 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 Introduction to MDE-extent modifying operations

Thig Subclause covers the operations that take an MD-array input and result in an MBP-array value with

am

6.4

The
arra

2 Subsetting

pdified MD-extent. The elements in the result MD-array at corresponding coordinates with the ipput
MDarray, however, remain unchanged. These operations include selecting a subset of the MD-array
merlts, reshaping the MD-extent, and shifting the MD-extent by a given offset{coordinate.

ele-

concept of MD-array element reference discussed previously’is now extended to an operation 4md-
y subset> that allows selecting a subset of the MD-array’s elements, rather than a single element. As

such, the result of such a subsetting operation is an MD-atray itself, with an MD-extent likely “trimmed”

tob
Figy
arra
sub;
resy

y, while red shows the subset array. The a) and‘c) examples preserve the MD-dimension, i.e., th
et contains only “trims”, while b) removes,.or “slices” one MD-axis and d) slices two MD-axes,
Iting in MD-arrays of smaller MD-dimension.

e smaller than that of the input MD-array, and/or some of the MD-axes potentially removed (“slic¢d”).
re 9, “MD-array subsetting examples”, illustrates this visually. In that figure, blue denotes the original

e

) 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

© ISO/IEC 2021 - All rights res

erved


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

ISO/IEC 19075-8:2021(E)
6.4 MD-extent modifying operations

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.

Sim{larly, it is often useful to match the MD-extent of MD-array 4, to the MD-extent of another MD-alrray

B (o
not
MME

The

<

<nd-array val ue expression> <l eft bracket or trigraph> <nd-axis subpset |ist> <right

b
<nd-

<md{axi s subset |ist naned> ::=

<fd- axi s subset nanmed> [ { <comm> <nd-axi s subset\named> }... ]
<nmd{axi s subset |ist positional> ::=

<npd- axi s subset positional> [ { <conma> <ndsaxis subset positional> }... ]
<nmd{axi s subset naned> ::=

|
<nd-

I
<md-

<fd- axi s name> <l eft paren> <nd-interval expression> <right paren>

<nd-

<nd-interval expression>

<md-

<nd-axis lower |limt expression> <colon> <nd-axis upper linmt expression>

equal MD-dimension). This can be done by using the MDEXTENT function in the subset, which
Hifferent from the use of <md-array extent>, described earlier in this document in Subclause 5.4
-array creation”.

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

axis subset list> ::=

<md- axi s subset |ist naned>

<md- axi s subset |ist positional>
<md-array subset extent>

<nmd-axis limts naned>
<nd- axi s slice named>

axi s subset positional> ::=
<nmd-axis linmts positional >
<nd- axi s slice positional >

axis limts naned> ::=
axis limts positienal > ::=

i nterval expression> ::=

2

\'

<nmd{axi s kower limt expression> ::=
<nd-axis linmt expression>
<md{axi¥s upper linit expression> ::=

<md-axis limt expression>

<nd-

axis limt expression> ::=
<nureric val ue expression>
<asterisk>

is

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]
kernel [0, O:*]

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

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

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

kernel [0, -1:1] MDARRAY [j(-2:1)] [-1, 8, 1]
kernel [0, *:*]
kernel [i (0)]
kernel [i (0), j(*:*)]

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

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

kernel [ 0: 50, *:*]

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

6.413 Reshaping
The|<md-array\reshape function> is somewhat similar to the subsetting operation, with the followipg
diffgrences:

— |Ondy trims are allowed; that is, the result is always an MD-array of the same MD-dimension as that
ofthe 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

Syntactically, MDRESHAPE is defined as follows:

<nmd{array reshape function> ::=
MDPRESHAPE <I| eft paren>

<fi ght paren>

<nmd{axis limts list> ::=

| |<l eft
| |<md-array extent>

<md- array val ue expressi on> <comma> <md-axis linmts |ist>

named> <right

bracket or trigraph3

<left bracket or trigraph> <nd-axis linits list positional >~<cight bracket or trigraph>
bracket or trigraph> <nd-axis linmts |ist

<md{axis limts list positional > ::=
<lfeft bracket or trigraph>
<md-axis limts positional > [ { <comma> <nd-axis limts positional>}... ]
<i{i ght bracket or trigraph>
<md{axis limts list named> ::=
<lfeft bracket or trigraph>
<nmd-axis linmts naned> [ { <conmme> -<npl-axis limits named> }... ]
<ili ght bracket or trigraph>
Thelalternatives for positionally dependent and independent MD-axis reference and MD-axis limit gre
samg as in the subsetting case, so refer to.Stibclause 6.4.2, “Subsetting”, for the details. Table 13, “Examples
of MD-extent reshaping”, shows examples that illustrate the concepts of MD-extent reshaping.
Table 13 — Examples of MD-extent reshaping
Example Result
MPRESHAPE( ker nel)[ 0: 1, 0:1]) MDARRAY [i (0:1), j(0:1)] [8, -1, -1, -1]
MPRESHAPE( kernel/, [i(0:1), j(0:1)])
MPRESHAPE( ker‘nel , [j(0:1), i(0:1)])
MPRESHARE( ker nel, [i(0:2), j(0:*)]) MDARRAY [i(0:2), j(0:1)]
[8, -1, -1, -1, NULL, NULL]
MDRESHAPE(Tilter, [ MDEXTENT(kernel)]) | MDARRAY [i(-1:1), j(-L D] [
filter[ MDEXTENT(kernel)] 9, 12, 9,
filter[i(-1:1), j(-1:1)] 12, 15, 12,
9, 12, 9]
MDRESHAPE( ker nel , [ MDEXTENT(filter)]) | MDARRAY [i(-2:2), j(-2:2)] |
NULL, NULL, NULL, NULL, NULL,
NULL, -1, -1, -1, NULL,
NULL, -1, 8, -1, NULL,
NULL, -1, -1, -1, NULL,
NULL, NULL, NULL, NULL, NULL]
© ISO/IEC 2021 - All rights reserved 31


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

ISO/IEC 19075-8:2021(E)
6.4 MD-extent modifying operations

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:

[T AP 4 —
<|'T'd alrlay oimnminmt Tuncuoruri

h/HBHI FT <l eft paren>

In

diffg
aco

<1

<nmd-array val ue expressi on> <conma> <nd-axis slice list>
i ght paren>

ore detail, shifting the MD-extent works as follows. First, a shift coordinate S is coniptited as th
rence between the origin of AVE and 0. The difference of a d-dimensional coordinate [Py, ..., P4]

prdinate [Q4, ..., Q4] is equivalent to the difference of their corresponding values;i.e.,, [P1 - @1, --

- Qql; the sum is defined analogously. Then the coordinate R of each element ofthe MD-array is repl

with

Figy

R+S; the value of the element remains unchanged.

re 11, “MD-array shifting example”, shows visually the effect of MDSHIFT. The original MD-exte

marfked as a grey rectangle, while the new MD-extent after applying MDSHIFT is the yellow rectang

Tab
shiff

Figure 11.+— MD-array shifting example

e 14, “Examples of MD-extent shifting”, shows examples that illustrate the concepts of MD-exte
ing.

Table 14 — Examples of MD-extent shifting

3%

and
Pq
hced

ntis
le.

Ekample Result

MPSHI FT(ker n€lv[0, 0]) MDARRAY [i (0:2), j(0:2)]

MPSHI FT(kertpet, [i(0), j(0)]) [-2, -1, -1, -1, 8, -1, -1, -1, -1]
MPSHI FT(Kennel , [j(0), i(0)])

MPSHNET(kernel , [i(0)]) error

MPSH) 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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axi s maxi mum nd-extent cast> ::=

MDARRAY <maxi mum nd- extent cast alternative>

<maxi mum nd- extent cast alternative> ::=

|
<nd-

<maxi mum nd- ext ent >
<md-array axi s names>

array axis nanmes> ::=

MDAXI S_NAMES <l eft paren> <nd-array val ue expressi on> <right paren>

Asc

An be noticed, there are two ways to specify the new MD-axis names:
They 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 MDAXIS_NA
function (see Subclause 6.2, “MD-extent probing operators”).

MES

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 [ x(+-1: 1), y(-1:1)]
[-1, -4<-1, -1, 8, -1, -1, -1, -1]
CAST(kernel AS MDARRAY MDAXI S NAMES(filter)) | MDARRAY [i(-1:1), j(-1:1)]
g, -1, -1, -1, 8, -1, -1, -1, -1]
6.5 MD-array deriving operators
6.5]1 Introduction to MD-array deriving operators
Thig Subclause covers all operations that take MD-array input(s) and result in an MD-array value wjth
elements derived from the elements of the inputs in some way.
6.5{2 Scaling
It is|possible to reshape an MD-array, as with MDRESHAPE (cf. Subclause 6.4.3, “Reshaping”), while
retrpfitting its contents into the new MD-extent. The contents are adjusted to the new MD-extent by
inte pn]af!hn’ (Y‘D C')YY\V\IIY\{T\ fhﬂ c\]nmnnfc 11’\ cnmn ‘AY‘)‘Y A Fﬁml]l']l" IICQ I‘QCD 1(‘ TﬂClv]“ﬂ fnn nr I"I'\‘AYY\\ ra fan

...... 5T ot Pt s TSt oty Tt oy TP

image, illustrated in Figure 12, “MD-array scaling example”, in which the MD-array on the leftis 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 theresubMb-array-with- MBSCALEDerivinga-particularnew-elemen ratte-igenerabreliesona

compbination of several input elements, typically stemming from a local neighborhood of a referencg
element. Many different interpolation algorithms are known from literature and are in active Gse/ Fpr
insthnce, Table 16, “Interpolation methods defined in ISO 19123:2005”, lists the interpolation/methods
defiped in 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

Whilch interpolation@mgethod is chosen depends on the particular use case; for example:
— [Bilinear or bieubic interpolation are often considered appropriate for remote-sensing image rescaling.

— |Nearestheighbor yields “crisper” images with better contrast; therefore, it is sometimes preferred

for scaling Web maps. Non-numerical categorical values cannot be meaningfully combined in igter-
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|grammar definition of MDCONCAT is as follows:

<md{array concatenation> ::=

MPCONCAT <l ef t paren>
<md-array val ue expression> <conma> <nd-array ndg-axi s>
<ili ght paren>

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

Table 17 — Examples of MD-array concatenation

Example Result

(A := MDARRAY [i(0:0), j(-2k1)] [1, 2, | MDARRAY [i(-1:2), j(-1:1)] [

3]) -1, -1, -1,

VDCONCAT( ker nel , A, 1) -1, 8, -1,

MDCONCAT( kernel , A, %) -1, -1, -1,
1, 2, 3]

(A := MDARRAY Ti(-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]

6.54 - 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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A
1+ |-1] -1 2
0+ |-11 8 3
At -1 -] -1 A+ |0 o4 A4 -] -1 13
10 1 i -'1 6 i i -'1 6 i i
A B C

Figure 14 — Example of summing two MD-arrays

Bingry and n-ary operations allow some of the operands to be scalar values, so\that (for example) A
(add 5 to each element of the MD-array A) would be possible. All MD-array Opetands in an induced
operation are required to have equal MD-extents.

Thelinduced operations in SQL/MDA are classified in two categories:‘functions (Subclause 8.13, “<nd-

array value function>") and and expressions (Subclause 8.12, “<md-array value expression>", Subclausg 8.6,
“<cdse expression>", and Subclause 8.7, “<cast specification>")<Let us start with the syntax definition of
<md-array value function>:

<mdqarray val ue function> ::
I g .

—<pH—array—+eshape—funetion>

—<nd-array scale function>

<nd- arr ay
<nd- arr ay
<nd- arr ay
<nd- arr ay
<nd- ar r ay
<nd- arr ay
<nd- arr ay
<nd- arr ay
<nd- arr ay

absol ute val ue expressi on>
natural |ogarithm

common | ogarithne
exponential function>
square root >

floor function>

ceiling function>
trigononetrie~function>
power function>

<nmd- array nodul us expressi on>

—<nd-array concat enation>

functions marked with strike-throtugh are not really induced operations and have been already
red in previgus:Subclauses of this document. Of the remaining, only <md-array power function>/and
-array modulus expression> are binary functions expecting an MD-array value as the first argurent
an MD-array or scalar value as the second argument:

The
COVE
<md
and

<md-array. power function> ::
<pd- array power function left>
| <mo=array power functionm righnts

| <md-array power function both>

<nmd-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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array power function both> ::=

POVER <l eft paren>

<md-array nuneric expression> <comma> <nd-array nhuneric expression>

<right paren>

<md-

array nodul us expression> ::=

<md- array nodul us function |eft>
<md- array nodul us function right>
<md- array nodul us function both>

<md{array nodul us function left> ::=

<

<md-

<l eft paren>
<md-array nuneric expressi on> <comma> <nuneric val ue expressi on>
i ght paren>

array nodul us function right> ::=

MDD <l eft paren>

<

<nd-

<numeric val ue expressi on> <conma> <nd-array numeric expression>
i ght paren>

array nodul us function both> ::=

MDD <l eft paren>

<
All g
<nd-

<md-array nuneric expression> <comma> <nd-array nhuneric\expression>
i ght paren>

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

array absol ute val ue expression> ::=

ABS <l eft paren> <nd-array val ue expressi on> <right paren>

<nd-
LN

<nd-
L

<nd-
E

<nd-
S

<nd-
FL

<nd-
{

<md-
<t

The

array natural logarithm ::=
| <l eft paren> <nd-array val ue expressionx <right paren>

array comon logarithnm ::=
DG10 <l eft paren> <nd-array val ue expression> <right paren>

array exponential function> ::.=
P <l eft paren> <md-array valmélexpression> <right paren>

array square root> ::=
DRT <l eft paren> <nd-argay val ue expressi on> <ri ght paren>

array floor function>":=
OOR <l eft paren>~<nd-array val ue expression> <right paren>

array ceiling.function> ::=
CEILING | CEN/} <left paren> <nd-array val ue expression> <right paren>

array tgingononetric function> ::=
ri gonenetric functi on name> <left paren> <nd-array val ue expressi on> <ri ght paren3

meaning of these functions is self-evident; Table 18, “Examples of induced function application

MD+

rrays”, shows examples for the ABS and POWER functions. The <md-array value expression> cons

to
ruct

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)
2)
3)

AopB
Aopc
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,

POACRLL —aal
T CT

MOARRANL
v

I»]
TV

LEA=4 A =B WA~ 3

[1, 1,

Thr¢e grammar rules for each operation cover these cases, respectively named as “both”, “left’, and “
beldgw. Further down, Table 19, “Operations corresponding to the <md-array value expréssion> gra

rules ”, lists the grammar rules and the corresponding operations in a clearer way.

<nmd{array val ue expression> ::=

<nmd- array bool ean expressi on>

<nmd{array bool ean expression> ::=

<md- array bool ean ternm>

<md- array bool ean expression left>
<md- array bool ean expression right>
<md- array bool ean expressi on bot h>

<nmd{array bool ean expression left> ::=
<fd- array bool ean expressi on> OR <bool ean ternp,

<md-{array bool ean expression right> ::=
<hool ean val ue expressi on> OR <nmd-array. bool ean ternr

<nmd-array bool ean expressi on both> ::=
<fd-array bool ean expressi on> OR <pd*array bool ean ternp

<md{array boolean terms ::=

<nd-

<md- array bool ean factor>
<md- array bool ean term |efit >
<nmd- array bool ean termhirght >
<nd-array bool ean tef mboth>

array boolean term-teft> ::=

<nd- array bool eant€rn> AND <bool ean factor>

<

array bool eganvtermright> ::=

<hool ean tetn> AND <nd-array bool ean factor>

<nd-

array<bool ean termboth> ::=

<ipd- ar hay bool ean ternm> AND <nd-array bool ean factor>

<mdA

array bhoolean factor> - - =

[
<nd-

NOT ] <nd-array bool ean test>

array boolean test> ::=

<nmd-array conparison expression> [ IS [ NOT ] <truth value> ]

<nd-array conparison expression> ::=
<md- array bool ean primary>
| <md-array conparison expression |left>
| <md-array conparison expression right>
| <md-array conparison expression both>
<md- array bool ean primary> ::=
38

;| htn
mar
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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> ::=
<nuneric val ue expressi on> <conp op> <nd-array nunMeric expressi on>

<md-{array conparison expression both> ::=
<id-array nuneric expression> <conp op> <nd-array numeric expression>

<nmd{array nuneric expression> ::=
<md-array nuneric ternp

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

<nmd{array nuneric expression left> ::=
<nmd-array nuneric expression> <plus sign> <ternp
| |<md-array numeric expression> <mnus sign> <ternp

<md-{array nuneric expression right> ::=
<numeric val ue expression> <plus sign> <nd-array ,augeric ternp
| |<numeric val ue expression> <m nus sign> <nd-array ‘nuneric ternp

<nmd{array nuneric expression both> ::=
<md-array nuneric expressi on> <plus sign>.gnd-array nuneric ternp
| |<md-array nuneric expression> <ninus sigrn>v<nd-array nuneric ternp

<md{array nuneric terms ::=
<md-array nuneric factor>

| |<md-array nuneric termleft>
| |<md-array nunmeric termright>
| |<md-array nuneric term both>

<md{array nuneric termleft>%. =
<md-array nuneric term<asterisk> <factor>
| |<md-array nuneric ternp-<solidus> <factor>

<nmd{array nuneric termyright> ::=
<terne <asterisk>“/<nd-array nuneric factor>
| |<term> <soliduS> <nd-array nuneric factor>

<md{array nuneric termboth> ::=
<md- arrayy‘'nuneric ternp <asterisk> <md-array nuneric factor>

| |<md- array nuneric ternm <solidus> <nd-array nuneric factor>

<nmd{array nuneric factor> ::=
[ l<sifgn> ] <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 boolean expression> R
<md-array boolean term> AND
<md-array boolean factor> Unary NOT
<md-array boolean test> IS [ NOT ]

<md-array comparison expression>

=, <>, <, >, >, <5

<md-array numeric expression> +, -
<md-array numeric term> * |
<md-array numeric factor> Unary +, -
<md-array field reference> Select field

Table 20, “Examples of induced MD-array expressions”, shows a few examples of induced MD-array|

expressions.

Table 20 — Examples of induced MD-array expressions

two MD-arrays.

filter[ MDEXTENT(kernel)]

Elxample SQL fragment Result
Check which ele- kermeh > 5 = MDARRAY [i(-1:1), j(-1:1)] [
ents of the MD- 5 (< )kernel = Fal se, Fal se, False,
afray are greater NOT (kernel <= 5) Fal se, True, False,
than 5 (compute a Fal se, Fal se, False]
threshold).
Reeplace negative ele- | kernel * CAST(kernel < 0 MDARRAY [i(-2:1), j(-1:1)] [
njents with.a 0 AS INT) = 0, 0, 0,
(1ero) CASE WHEN kernel < 0 THEN 0, 8, 0,
) 0 ELSE kernel END 0, 0, 0]
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)]

[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.

Table 21 — Example of induced MD-array casting

Example Result

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

Finglly, the <case expression> is overloaded to allow Boolean MD-arrays-as the search conditions inja
<sedrched when clause>. All search conditions are required to be Boolean MD-arrays (of equal MD-extents
D) in the induced case expression; the corresponding <result>s.eat be either MD-array or scalar values.

<sedr ched when cl ause> :: =
'l Al alternatives from|SQO|EC 19075-02
| [WHEN <nd- array bool ean expressi on> THEN <result>

As with other induced operations, the result is an MD+-array of MD-extent D (same as the MD-extenf] of

the Input MD-arrays), while its elements are computed as follows. For each coordinate P in D:

If an <md-array boolean expression> in the WHEN clause exists, such that the value of its elem¢nt
at coordinate P is True, let R be the value of the <result> of the first such WHEN clause.

Otherwise, let R be the value of the sresult> specified in the ELSE clause. If the ELSE clause is omitted,

then R is the null value.

Thelelement at coordinate P igthe result MD-array is set to R if R is not an MD-array value; otherwise, it
is sdt to the element in R at ¢oordinate P.

Tab
indy

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

Table 22 — Examples of induced CASE expression

Example SQL fragment Result

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

(zero), and positive -'E—:EN 0 ELSE1 8 (1) 8

with 1 (one). » 0. 0]

© ISO/IEC 2021 - All rights reserved

41


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

ISO/IEC 19075-8:2021(E)

6.5

6.5

MDA
inp
woy
wav|

useflul to be able to create and export such MD-arrays, in order to visualize the result as an RGB im

for ¢
conj

<nd-

MPJO N <l eft paren>

<

<nd-

MD-array deriving operators

Example SQL fragment Result

Colorize an MD-array | CASE

9129_‘?&5
454\c,5§v

Figure 15 — Colorized array

with “traffic-light” mgs ‘E'zlsgeg 3) 10
RGB color scheme S99 2 4 5 4 || 2
(elements smaller mgs ]E'zlsger%; (1);’
than 10 “colored” as | g o (0, 255, 0) 4 9 12 (B9 4
red, between 10 and | gnp
13 as yellow, and
greater than 12 as oMl 12 |15 ] 12 &5
green).

4

2

5 Join MD-arrays on their coordinates

arrays in which each element is a composite value consisting of two or more fields are very com
Factice. For example, standard color images typically’have red, green, and blue channels, wind d

elengths (e.g., Landsat 8 has 11 bands, Mars data from CRISM has 544 bands, etc.). It would be

xample, akin to performing a JOIN on thé MD-array’s coordinates. This is supported by an MD-
tructor defined as follows:

array val ue constructor by jlopn> ::=

<nmd-array val ue expression as field> <comma> <nd-array val ue expression as fieldg
[ { <comma> <nd-array val ue expression as field>}... ]
i ght paren>

array val ue expression as field> ::=

<

MDJOIN perfornmsajoin on two or more MD-arrays of equal MD-extents based on their coordinates
element in thewresulting MD-array is a row value constructed from the corresponding elements of e
inpyt MD-array, in the order in which they have been specified.

Thelfieldinames of each element in the result can be

-array val ue expression> [ AS <field nanme> ]

1d have U and V components, hyperspectral satellite imagery has many bands covering different

mon
ata

very

ge
ray

hch

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
MJO N(A, B, A) ROW FI ELD1 SMALLI NT, MDARRAY [ x(0:2)]
FI ELD2 FLOAT, [ RON1, 4.1, 1),
FI ELD3 SMALLI NT) RON 2, 6.12, 2),
MDARRAY [ x(0:2)] RON3, -0.2, 3) 1]
MPJO N(A AS red, RON(red SMALLI NT, MDARRAY [ x(0: 2)]
B| AS green, green FLOAT, [ ROW1, 4.1, 1),
Al AS Dbl ue) bl ue SMALLI NT) RON2, 6.12, 2),
MDARRAY [ x(0:2)] RON3, -0.2, 3) ]
6.6 MD-array aggregation
6.6/1 General aggregation expression
An ¥md-array aggregation expression> allows aggregating-MD-arrays into a single scalar value. Let[us
starf with the grammar definition:
<nmd{array aggregati on expression> ::=
MPAGGREGATE <nd- array aggregati on oper at or>
OVER <nd-extent alternative>
USI NG <val ue expression prinary>
[ WHERE <search condition> ]
<nmd-{array aggregati on operator> =
<plus sign>| AND| OR| MAXY MN
Gengrally, the structure looks semewhat similar to the <md-array value constructor by iteration>
(Subclause 5.4.4, “Constructionby implicit iteration”). An <md-extent alternative> similarly defines an
implicit loop over all the eoordinates within the specified MD-extent, and for each coordinate P, a <vplue
expression primary> VEP1s evaluated. The MD-axis names defined by the <md-extent alternative> ¢an
be rpferenced as MD¢éaxis variables in the same way. <md-array aggregation expression> does, howgver,
intrpduce two newrconstructs.
An 94md-array-aggregation operator> allows the specification of the operation that is used to aggregate
the yaluesefall VEP. This operation is required to be a binary function defined on the type of VEP for
whith an identity element exists; furthermore, it should be commutative and associative, properties|that
aid inquery optimization. Based on these criteria, SQL/MDA defines support for addition, logical conjunc-
tionﬂndﬂﬁmﬁmmﬁm&mﬁimmﬂ%b&eﬂ#ﬁﬁmmﬂemfmﬁeWtion
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-detined
maximum value (theoreti-
cally +o0)

Optjonally a <search condition> SCP can be specified, allowing filtering the coordinates fer which VEP
will|be evaluated: if SCP evaluates to True for a coordinate PM, then VEP is evaluated;-otherwise, it i§
skipped and does not contribute to the aggregation result. Most commonly this is‘tiséd to filter out the

nullfvalue elements. Table 25, “Examples of general MD-array aggregation”, illustrates general MD-alrray
aggregation.

Table 25 — Examples of general MD-array aggregation

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

6.6/2 Shorthand aggregation functions

Basg¢d on the general MB:array aggregation expression introduced in the previous Subclause, SQL/MDA
spegifies several commonly useful aggregation functions. They are syntactically defined as follows:

<mdqarray aggregation function> ::=
<fd-array aggregati on function name>
<l ef t\paren> <nd-array val ue expressi on> <right paren>

<md

ar r@ay aggregation function name> ::=
NDALL

| LVBANY-

| MDAVG

| MDCOUNT

| MDCOUNT_FALSE
| NMDCOUNT_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 +

VERD
USING A[Nj, ..., Ng

WHERE ANy, ..., Ng] I'S NOT NULL

MDAV A) Average of all elements of A

CASE
WHEN MDCOUNT(A) = 0 THEN NULL
ELSE MDSUM A) / MDCOUNT( A)(END

Minimum of all elements of
A

DM N( A)

MDAGGREGATE M N
OVER D
USING ANy, ..., Ny

WHERE A[Np, ... 3\ 7Dg] I'S NOT NULL

Maximum of all elements of
A

NDMVAX( >A)

MDAGGREGATE, MAX
OVER D
USI NG AN, ..., Ny

WHERESA[ Ng, ..., Ng] IS NOT NULL

Number of non-null elements
inC

MDCOYNT( C)

VDAGGREGATE +
OVER D
USI NG 1

WHERE [ Ny, ..., Ng] 'S NOT NULL

MDCOYNT _TRUE( B) Number of True non-null ele-

ments in B

MDAGGREGATE +
OVER D
USI NG CASE
WHEN B[Ny, ...,
ELSE 0 END
WHERE B[ Ni, ..., Ny

Ng] THEN 1

I'S NOT NULL

Number of False non-null
elements in B

MDCOYNT _FAL SE( B)

MDCOUNT_TRUE(B | S FALSE)

MDCOUNT _UNKNewWN( B) | Number of Unknown non-null

elements in B

MDCOUNT_TRUE(B 1S UNKNOWN)

VDANY((B) Is there any element in B MDAGGREGATE OR
VVith valuc TI MC? GIFR n
USING B[Ny, ..., Ny
WHERE B[Ny, ..., Ng] IS 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

Renjote sensing is a very dynamic field, with ever-evolving data analysis techniques guided by.modgrn,
morje advanced satellites, and increasingly powerful computing hardware. Flexible and scalable’softyare
toolp in this context are essential for enabling and supporting the agile pace at which remete sensirlg is
advancing. This clause shows how several standard remote sensing operations can be performed wijith
SQLYMDA, like band math, computing histograms, band swapping, detecting changesin time, or
extrpcting specific features from raster images.

7.2 Data setup

Thelexamples in the following Subclauses use Landsat 5 Themati¢:\Mapper (Landsat TM) data. The
Langlsat Thematic Mapper sensor was carried on board Landsats’4 and 5 from July 1982 to May 2012,

with a 16-day repeat cycle. The produced multispectral data-has six non-thermal bands plus one thefrmal
bang (Table 27, “Landsat TM bands”), all with spatial resolution of 30 meters; the approximate scerje
size|is 170 km north-south by 183 km east-west.

Table 27 — Landsat TM bands

Band Wavelength
bl — blue 0.45-0.52
b2 .—green 0.52-0.60
b3 — red 0.63 -0.69

b4 — near infrared 0.77 -0.90

b5 — shortwave IR 1.55-1.75

b6 — thermal 10.40-12.50

b7 — mid-wave IR 2.09 - 2.35

Suppose one wants to maintain a database of Landsat TM scenes. 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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