TECHNICAL ISO/IECTR
REPORT 19075-8

First edition
2019-05

Information technology database
languages — SQL technical reports —

Part 8:
Multi-dimensional-arrays (SQL/MDA)

Langages de base de dopmées IT — SQL rapport techniques —

Partie 8: Tableaux multidimensionnels

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

© ISO/IEC 2019


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

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

- 5 COPYRIGHT PROTECTED DOCUMENT

© ISO/IEC 2019

All rights reserved. Unless otherwise specified, or required in the context of its implementation, no part of this publication may
be reproduced or utilized otherwise in any form or by any means, electronic or mechanical, including photocopying, or posting
on the internet or an intranet, without prior written permission. Permission can be requested from either ISO at the address
below or [SO’s member body in the country of the requester.

ISO copyright office

CP 401 o Ch. de Blandonnet 8
CH-1214 Vernier, Geneva
Phone: +41 22 749 01 11
Fax: +41 22 749 09 47
Email: copyright@iso.org
Website: www.iso.org

Published in Switzerland

ii © ISO/IEC 2019 - All rights reserved


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

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

Contents Page
F(Lreword ..................................................................................... i
g T [ o o PR P vjii
L SCOP . i AV 1
21 NOrmative referenCes. . ...t e O 3
3 Termsand definitions. . ... ..o e e 5
41 Multidimensional Arrays (MDA) CONCEPLS. . . ...t e e et e e i i innas 7
4.1 CONCEPL. . .ot 7
4.p Why consider support for MDA INSQL?. ... ..ot O 7
4.8 AITay TEPrESENTALIONS. . . . o\ ottt ettt ettt R e 9
44 Use cases for MDA support in SQL. . . ..ot ey e e e e 9
44.1 THE USE CaSES. . . o ittt e e e e e e e 9
442 Array dataingestion and storage. . ... ..o A 9
443 Integrated querying of array and relational data. . . . ... . oot 10
44.4 Updating stored array data. . ... ....oo vt s e e e 10
445 EXPOrting arrays. . . .. ov ottt e BN e 10
4.5 Non-Use cases. Direct accessto external arra@ybdata. .. ... ..o oot 10
5] SQL/MDA datamodel. ... ... o 11
51 Datamodel CONCEPLS. . . . ..o T e e e e e e e e 11
5p MD-aITaY. .o v e T e L1
58 MD-array type definition. . A .. . 12
581 Type definition CONMCEPES . 2. . o ettt e e e e 12
582 Element type. . .. 12
58.3 M D-dimMENS 0N, . oo 13
584 = SR = =~ 13
585 MD-axis [aWwer and UpPer lImits. . . ... e e e 13
5.8.6 PUtting-tall tOgEtNEr. . . .. o e 14
54 MDSAFFEY CrEALION. . . . . ottt e e et e et e e e e e e e e e e e 16
54.1 MD=array Creation CONCEPLS. . . . o vt ittt et et et e e e e et e e et e et e e 16
54.2 Explicit ement enumeration. . . .. ... o 17
548 From SQL table query resUlt. . . ... .o 18
54.4 Construction by IMplICIT ITEration. . . ... ...ttt e ettt et ettt 19
545 Decoding aformat-encoded array. . . . ......ot it 20
55 MD-array UPOatinNg. . . . . oottt et e e e e e e e e e e e e 21
551 MD-array updating introdUCTION. . . . . . ..ottt e e e e e 21
552 Updating MD-arrays of equal MD-dimension. . ... ... ...t e 22
553 Updating MD-arrays of greater MD-dimension. . .. ...ttt e e i 23
554 Updating a single dement of an MD-array. . . .. ..ottt e e e e e 24
5.6 EXPOrtiNg M D-arrays. . . oot ettt et e e 24

©ISO/IEC 2019 — All rights reserved Contents iii


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

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

56.1 Encoding to adataformat. . . ... ... 24
56.2 Converting to an SQL table. . . .. ..o 26
6 SQL/MDA OPEIAliONS. . . ettt ettt ettt e e e e e 29
6.1 Introduction to SQL/MDA OpEralioNs. . . ..ottt ettt et ettt e 29
6.2 MD-extent probing OPEralorS. . .. ..ot 29
6.3 MD-array element referenCe. . . ... ... o 31
6.4 MDextentmodifymgoperations - - 2
6.4.1 Introduction to MDE-extent modifying operations. . .. ... NS 32
6.4.2 SUDSELING. .« oot O 32
6.4.3 RESNAPING. . . o et e D 34
6.4.4 Shifting. . ... A B6
6.4.5 MD-8XIS FeNAMING. . . . ottt ettt e e e e e R B6
6.p MD-array defiving OPEralorS. . . . .. oottt ettt et e e e e e e 37
6.p.1 Introduction to MD-array deriving Operators. . .. .. .coovvine i A 37
6.p.2 SCAlING. . oot A B7
6.5.3 CoNCAENALTION. . ..o Y 39
6.p.4 INdUCEd OPEIaiONS. . . . .ottt ittt e e e e 39
6.5.5 Join MD-arrays on their coordinates. . . .. ... N 16
6.6 MD-array aggregation. . . . ...ttt e e T e N7
6.6.1 General aggregation eXpreSSion. . .. ..o D N7
6.6.2 Shorthand aggregation funCtions. . .. ... ... . s 18
7] Remote Sensing example. . ... T b1
7.1 Introduction to remote SeNSiNg eXample. . . . .. 3N Lt b1
7P Data SEIUD. . . .ot e b1
78 Band math. . . ... o 53
781 Introductionto band math. . . .. ... Ly o b3
7.8.2 NDV L. e s N e e b3
7.8.3 Band SWapIiNg. . . .o N e e b6
74 HiStograms. . . .. o b7
7.p Change eleCtioN. . . . . ot e H8
7.6 EXEraCting fEaIUNES . o . o o o h9
a4 Data search andfiltering. . . . ... oo 50
Bl Ograpny . . . T e 63
0 T L= 65

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


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

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

Tables
Table Page
1 Examples of MD-array type definitions. . . . ... ... i 15
2 Examples of MD-arrays constructed by element enumeration. . ... i 18
3 - i i oM PO
4 Examples of MD-arrays created from JSON-encoded arrays. . . ....voveiieii i it eieieen e N P1
5 Examples of MD-arrays encoded t0 JSON arays. . . . . oot ei et AN PS5
6 Result of example UNNEST QUENY. . . . .o .ot et e D6
7 Result of example UNNEST query specifying WITH ORDINALITY . ... aYO D7
8 Examples with MD-extent probing functions. .. ........ ... oo N 30
9 Result of MDEXTENT(Kernel). . ... e N 30
10 Result of MDEXTENT_MAX(Kernel). .. ... bl B0
11 Examplesof referencing asingleelementinan MD-array. . . ......oii it e N 31
12 Examples of MD-array SUDSEtiNG. . . .. ..o oo N B4
13 Examplesof MD-extent reshaping. . . . ... oo oot e A 35
14 Examples of MD-extent shifting. . . ...... ..ot T e 36
13  Examples of MD-axiS renaming. . . ... oo v e e e e e e e 37
14 Interpolation methods defined in 1SO 19123:2005. ... ... ..o v S e 38
11 Examples of MD-array concatenation. . . . ........coouven ooy e 39
1§ Examples of induced function application to MD-arrays. . . . S .. oo 12
19 Operations corresponding to the <md-array value expression™ grammar rules. . ..............cooiveinn... 14
20 Examples of induced MD-array EXPreSSIONS. . . . ... v e s et ettt e e e e e e e 14
21 Example of induced MD-array Casting. . .. ...... 500 i 15
24 Examplesof induced CASE eXPreSSioN. . . . ..ol ettt et e e e 15
23  Examples of MDJOIN. .. ..o N A7
24 Identity elementsfor the <md-array aggregation Operators>s. . . . . ..ottt e A7
29  Examples of general MD-array aggregation. . . ... ..ottt 18
26  Predefined aggregation OperatorS. , s . . vttt 19
21 Landsat TM hands. . . . ... e b1
©ISO/IEC 2019 - All rights reserved Contents v


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

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

Figures
Figure Page
1 Aeria greyscale image of size 1024x1024 (San Di€g0). . .« . oottt e e 8
2 Relationships between MDA and SQL/MDA. . . ..ot t e 11
3 THestructure of an MD-array vaue iustrared on asampie 33 ATy - - - -+ - v o v v e oo e 12
4 Placement of satellite images of each country on a world map (from Geographic Bounding Boxes). . . ... N~ 14
5 Example of an SQL table that correspondsto a3x3MD-array. . ... ..coe i N 19
6 Example of an SQL table converted to a 3x3 MD-array with MD-extent [i(-1:1), j(-1:1)]. .. ... ... . Q5. ... 19
7 Example of array Update. . . ... ...t A D 3
8 Updating a 3-D MD-array witha2-D source MD-array. .. ....covviieiiineiiiie e SNt P4
9 MD-array subsetting examples. . ... N 32
10 MD-array reshaping eXample. . .. ..ot e A 35
11 MD-array shifting example. . .. ... e N B6
13 MD-array scaling example. . . ..o 37
13  Concatenation EXamMPIES. . . .. oottt e e N 39
14 Example of summing tWo MD-aIrays. . . ..« v et o e 10
18 Colorized @rray. . ..o oot 16
14 Visblecolor (RGB) bandsof alandsat TM SCene. . ... e 62
11 NDVI result stretched to therange (0,255). . . . . ..o oo e b4
14 NDVI values between 0.2 and 0.4 shown in white, while everything elseisblack. .. ........... ... ... ... .. b5
19 Color-mapped NDVI result, from dark blue, through grey, todark green. . .......... ... o it L. 9
20  Fasecolor image constructed from the near IR, red and,greenbands. . ... 57
21 Histogram of the NDVI index of aLandsat TM SCERE. S . . ..o vttt e et i e en H8
24 A composite image with an NDVI index from different yearsineachchannel. .......................... 59
23 Natural RGB color of barrier islands area. . . & . ..o 50
24 Binary image showing isolated iSlands. . .oy . . ..o oot e 650

vi Multi-Dimensional Arrays (SQL/MDA)

©ISO/IEC 2019 — All rights reserved


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

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

Foreword

I SO (the International Organization for Standardization) and | EC (the International Electrotechnical Commission)
form the specialized system for worldwide standardization. National bodies that are members of 1SO or IEC

participate in the development of International Standards through technical committees established by the

A

=

li
re

A
=

re
M

ights. 1SO and |EC shall not be held responsible for identifying any or all such patent rights. Details of any
patent rights identified during the development of the document will be in the fatroduction and/or on the | S

For an explanation of the voluntary nature of standards, the meaning of 1SO specific terms and expressions

$ting of these bodies can be found & ywwv. i so. or g/ menbers. htm .

pcument should be noted. This document was drafted in accordance with the editorial rulesof the | SO/I EC
rectives, Part 2 (seewww. i so. or g/ di recti ves).

tention is drawn to the possibility that some of the elements of this document may-be the subject of pater]

it of patent declarations received (seewww. i s0. or g/ pat ent s), or the N=C list of patent declarations
ceived (seeht t p: // patents.iec. ch).

Ny trade name used in this document isinformation given for the conzenience of users and does not constitu
endorsement.

ated to conformity assessment, aswell asinformation about1 SO's adherence to the World Trade Organi zati
VTO) principlesin the Technical Barriersto Trade (TBT,)) seewww. i so. or g/ i so/ f oreword. ht m |

hi s document was prepared by Technical Committee ISO/IEC JTC 1, Information technol ogy, Subcommitt
C 32, Data management and interchange.

list of al partsin the ISO/IEC 19075 seriescan be found on the SO website.
Ny feedback or questions on this document should be directed to the user's national standards body. A complé

NOTE 1 — Theindividual parts of ‘multi-part standards are not necessarily published together. New editions of one or more pa
may be published without publjication of new editions of other parts.

—

D

e

Irts

©l

SO/IEC 2019 — Al rights reserved

Foreword vii


www.iso.org/directives
www.iso.org/patents
http://patents.iec.ch
www.iso.org/iso/foreword.html
www.iso.org/members.html
https://standardsiso.com/api/?name=25f09370c6edff8b1b99fae933180819

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

I ntroduction

This Technical Report describes the definition and use of multi-dimensional arraysin SQL. Multidimensional
arraysrepresent acore underlying structure of manifold science and engineering data. It isgenerally recognized
today, therefore, that arrays have an essential rolei n Big Dataand should become an integral part of the overaII

eratlons on the M D -array data type defl ned in ISO/IEC 9075 15.
he organization of this Technical Report is as follows:

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

Clause 2, “Normative references’, identifies standards that are referenced by this Techrical Report.

Clause 5, “SQL/MDA data model”, introduces the data model.

T
1

2

3) Clause4, “Multidimensional Arrays (MDA) concepts’, introduces the concept of Multidimensional Arrays.
4

5) Clause6, “SQL/MDA operations’, covers the supported operations on MD-arrays..

6

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

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

Part8:

M

ulti-dimensional arrays (SQL/MDA)

Scope

This Technical Report describesthe support in SQL for Multi-Dimensiona Arrays (MDA) asdefined in ISO/IEC

9075-15.

©ISO/IEC 2019 — All rights reserved
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Nor mative references

There are no normative references in this document.

IS

O and |EC maintain terminological databases for use in standardization at the following addresses:
SO Online browsing platform: availableat ht t ps: // www. i so. or g/ obp.
IEC Electropedia: availableat ht t p: / / ww. el ectr opedi a. org/ .
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3 Termsand definitions

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

E)

3L

coordinate
non-empty ordered list of integers

cardinality
number of elementsin an MD-array

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

NOTE 2 — A coordinate is within an MD-extent if every coordinate value from the'integer list is greater than or

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

M D-axis
named M D-interval

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

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

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

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

>

0N

©ISO/IEC 2019 — All rights reserved Terms and definitions
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4.1 Concept

Multidimensional Arrays (M DA) concepts

T Concept

ne phrase “ (Multidimensional) array, raster data’ is used to refer to arrays generally, in contrast to the MD
Fay term confined to the realm of SQL/MDA. Itisnot to be confused with theterm “array” in LSOHEC 907
P016. This document uses the term ARRAY for the original SQL array collection type.

he array concept isasimple and efficient data representation that findsitsusein awide array of fields, busines

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

multidimensional array (MDA) isaset of elements ordered in amultidimensional space. The space consider
re is discretized (also called rasterized or gridded), that is, only integer. oordinates are admitted as positio
theindividual array elements. The number of integers needed to refér a particular position in this space i
e array's dimension (sometimes also referred to as its dimensionalityy.

N element can be a single value (such as an intensity value in«Case of grayscale images) or a composite val
Lich as integer triples for the red, green, and blue components of atrue-color image). All elements of an arr
are the same structure, referred to as the array's element'type.

2 Why consider support for MDA in SQL?

amplesincluding 1-D sensor data,2-D satellite images and microscope scans, 3-D x/y/t image timeseries
d x/y/z voxel models, aswell as 4-D"and 5-D climate models.

brge multidimensional arraysin parti cular-represent apreval ent datatype across most scientific domains, with

5-

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

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

=3

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

Atraysrarely‘occur isolated in practice and are typically ornamented with metadata and embedded in larger
overall information structures. Supporting them in narrowly specialized ad hoc tools or dedicated array DBM S
islthus insufficient when it comes to building modern, complex services and applications. This suggests thal
integration of array querying into a standardized framework like SQL isalogical next step that will benefit the

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

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

3 Array representations

ns

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

4,

T

to

T

4

T

A
of
th
as

an

W
st

€r
It

A—secasesfor MDA support SO
4.1 Theusecases
he question posed by this use caseis“How is array data acquired using SQL 7’
Following arethe primary use casesthat support for multidimensional arraysin the SQLenvironment isrequir
satisfy.
Array dataingestion and storage.
Integrated querying of array and relational data,
Updating stored array data.
Exporting arrays.
ne following Subclauses discuss these use casesin greater ‘detail, and how SQL/MDA addresses them.

A.2 Array dataingestion and storage

transforming it or decodindlitinto an instance of the internal MD-array datamodel, which isthen inserted in

nagt dive into these technical details of array dataingestion beyond providing a default specification for JSO

he question posed by this use caseis “Howis array data acquired using SQL 7’

5 discussed earlier in Subclause 4.3, “Array representations’, arrays exist in awide variety of formats. In

der to work with them in agenericway in SQL, it is necessary to build an abstract data model that fits wi
e SQL philosophy. The MD-array as defined by SQL/MDA provides exactly such adatamodel, implement
anew attribute type MDARRAY . Ingestion of array data encoded in an external format into SQL involve

MDARRAY column 0f)an appropriate type.

brage of MD-arrays in aspecific DBMS, system architecture, etc. This Technical Report and the standard

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

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

hat “decode” means'in practice depends on many factors, including the data format, the details of physical

e

h
pd
S

to

o
N

MD-array as a first-class abject in the same way that SQI_ tables are

— Direct mapping of SQL tablesinto MD-arrays.

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

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

M

D-array is asimple data structure defined by alist of MD-axes, each specifying a hame, lower and upper

limits, paired with an element type. This led to adoption of the last option, following the example of ARRAY
and MULTISET collection data types. Data transformation is handled during ingestion with special functions,

©ISO/IEC 2019 — Al rights reserved Multidimensional Arrays (M DA) concepts
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4.4 Usecasesfor MDA support in SQL

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

4.

4.3 Integrated querying of array and relational data

4

R

o
\'

pr
re
M

4,

(S

“A

4

A
X

5was introduced in the previous Subclause, MD-arrays are stored within anew collection datatype MDARRA

At is manipulated through a functional and operational interface described in this Technical Report. Thisi

milar to the existing ARRAY and MULTISET collection data types, except that the operation set isricher

tegration with other datatypesis seamless (e.g., multiplying the values of all elements of a numeric MD-

ray column A with the single value of anumeric column Cissmply A * C), and the general"SQL query

pchani cs are unchanged. In addition, it ispossibleto generate an SQL table from an MD-arfay and vice-vers
MD-array from an SQL table with the appropriate structure.

B4 Updating stored array data

pad-only accessto MD-array datais clearly insufficient. Array datais very often continuously and regular
oduced, e.g., atemperature sensor taking a reading every hour, or, aGatellite periodically taking earth-obsg
tion images as it orbits around the Earth. In addition, asingle arfay can exceed terabytesin size, and for
actical reasonsit might be split into multiple smaller arrays; ingesting them all into asingle MD-array colun
(uires piece-wise extension and updating of the column. Therefore, SQL/MDA alows updating of entire
D-array values, as well as specific subsets of an MD-array-

1.5 Exporting arrays

Frequently the result of operations on M BPtarrays will be an M Darray, which needs to be exported using sor]

ternal representation. Thisisthe counterpart of array dataingestion discussed previousy in Subclause 4.4
rray dataingestion and storage”.
5 Non-Use cages: Direct accessto external array data

| accessto array-datarequiresthat the array dataisfirst imported into the SQL environment. In order to que
terna array datasing SQL, applications are required to access external arrays themselves, then insert tho

ddtainto MD-:array values, perhaps by using the MDDECODE function.

Y

v

60,

Se
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5.1 Datamodel concepts

5 SQL/MDA data mode

5|1 Data model concepts

Tie SQL/MDA model is essentially represented by the concept of MD-array. It isnecessary to clearly, distinguish
bgtween array values* outside” the DBMS, and their analogs“inside” the DBM S. Thethe following'‘eonventipn
isjused:

— Theterms*“array”, “multidimensional array”, and “MDA” refer to array values external’ to the SQL-enyi
ronment, encoded in a particular format like TIFF, netCDF, HDF5, JSON, etc.

— Theterms“MD-array” and “SQL/MDA" refer to constructs within the SQL +environment.

The relationship between “MDA” and “SQL/MDA" isillustrated in Figure 2,"Rel ationships between MDA
and SQL/MDA".

— decode VSQL/

MDA
< encode ~< | MDA

Figure 2 — Reélationships between MDA and SQL/M DA

52 MD-array

MD-array values are inputs of all SQLIMDA operations, and most often the outputs. Figure 3, “The structufe
offan MD-array value illustrated on asample 3x3 array”, shows the structure of a sample MD-array value.

©ISO/IEC 2019 — All rights reserved SQL/MDA datamoddl 11
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52 MD-array

5.

T
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Figure3 — Thestructure of an MD-array valueillustrated on a sample 3x3 array

3 MD-array type definition

3.1 Typedefinition concepts

he definition of an MD-array (see Clause 3, Terms and definitions”) is a good starting point in order to

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

“An MD-array is an ordered,collection of elements of the same type ..."” So, one thing needed to specify
the type of an MD-array isthe type of its elements, more specifically known as the element type. Thisi
no different from the existing ARRAY and MULTISET.

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

3.2 Element type

M

D- arrays stand out from the spectrum of collection typesin that the storage locati on of an eIement can be

alI e ements are ofthe same Iength Therefore vanables ze coI Iect| on elements I|ke sets and multrsets do not
qualify as element types. MD-arrays as element type is disallowed as well for the following reasons:

1)

2)

12 Multi-Dimensional Arrays (SQL/MDA)

Nesting an MD-array of MD-dimension d4 into an MD-array of MD-dimension do can equivaently be
modeled as asingle MD-array of MD-dimension dq+do.

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

©ISO/IEC 2019 — All rights reserved
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All inall, any SQL datatypeis allowed to be an element type of an MD-array, except for collection-containing

ty

pes. A datatype TY is collection-containing if exactly one of the following conditionsis true:

— TYisacaollection type.

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

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

5.

T
al
Cq

A

upper limit.

B.4 MD-axisnames

B.5 MD-axislower and upperlimits

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

3.3 MD-dimension

ne MD-dimension isan essential property of an MD-array that indicates how many MD-axesit has. Two M
rays of different MD-dimensions are fundamentally different. Therefore, an MD-array _type that specifies
rtain M D-dimension admits only MD-array values of that MD-dimension.

N MD-array has an MD-extent that is alist of MD-axes. Each MD-axis has atame, alower limit, and an

ne name of an MD-axis uniquely identifies that M D-axis, which becomes relevant in operations that refer
e MD-axes of an MD-array. In operations on two or moreMD-arrays, the names of corresponding M D-ax

. It might happen that some M D-arrays correspond semantically, while the corresponding MD-axis name
e different (for example, “t” in one MD-array .and™time” in another); SQL/MDA provides a CAST varian
Ir such cases that allows explicitly renaming the M D-axis names.

he lower and upper limits of(the M D-axes are not fundamental to the nature of an MD-array. M D-arrays wi
fferent lower and upper limits might still be related to each other, as the following example illustrates.

1

P required to be the same; aregular 2D x/y image is.campletely different from a transposed y/x image, after

2

to
es

5
t

pposethere exist greyscal e satelliteimages of each country intheworld inthe sameresolution. In SQL/ME

er and-upper limits of its MD-axes would be different from those of other MD-arrays. Nevertheless, the
related to each other, and it would be benef|C|aI to possi ny to put themin asmgle M DARRAY column

“resolution” refersto the real size of asingle pixel, e.g., 30 meters

©ISO/IEC 2019 — All rights reserved SQL/M DA data model
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T

gure 4 — Placement of satelliteimages of each country on a world map (from Geographic Bounding
Bexes)

Therefore, MD-array values can have varying lawer and upper limits. The MD-array type can optionally be
de¢clared with minimum lower and maximum-upper axis limits; if no limit is defined for an axis, it can extend
tojthe implementation-defined axis limit.

53.6 Puttingit all together
Stepping through the MP=array type definition rules of Subclause 8.1, “<datatype>", in ISO/IEC 9075-15:

<nmd-array type> /=
<data type> NDARRAY <maxi mum nd- ext ent >

specifyingiacolumn 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
myd-extent>:

-

<meximum nd- extent> :: =
<[eft bracket or irigraph> <maxi mum nd-axis I1St> <right bracket or trigraph>
| <left bracket or trigraph> <nmaxi nrum nd-axis |ist anonynous> <right bracket or trigraph>

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

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

A maximum MD-extent is either alist of “regular” maximum MD-axes, or alist of “anonymous’ maximum
MD-axes. The difference becomes clear in the grammar rules below. It's worth mentioning here that the list of

14 Multi-Dimensional Arrays (SQL/MDA) ©ISO/IEC 2019 — All rights reserved
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D-axesis 1-relative; thisis most relevant in functions which return the axis name given itsindex, or vice

versa, as described later in this Technical Report.

<maxi mum nd- axi s> .=

<n

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

M- axi s nane> - - =

<N

R
th
H
th
9

T
w

IPd

<

<1

<

<1

3 >

limits means that no maximum lower nor upper limits are enforced on-aparticular MD-axis.

<identifier>

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

bgular <maximum md-axis> has a mandatory M D-axis name, while <maximum md-axis anonymous> drg
P need for an MD-axis name. Thisisjust a convenience construct: sometimes the names-areirrelevant.

75-15) in the form of “D1” for the first MD-axis, “D2" for the second, and so on.

ne other difference is that the regular <maximum md-axis> can be specifiedwith just the MD-axis name,
nile leaving out the lower and upper limits; in the case of <maximum md-axis anonymous>, thisis not real
ssible, as then there would be nothing to indicate the presence of an MBP=axis. Leaving out the maximum

Bxi mum nd-axis lower limt> ::=
<nd-axis limt>

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

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

d-axis limt fixed> ::=
<signed nuneric literal >

maximum MD-axis limit can be spegified as an integer literal, but can also be specified with a“*”, which

—4 Q

, specifying a“*” for both thelewer and upper limits of an MD-axis is equivalent to leaving them out alt
her.

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

Table 1 — Examples of M D-array type definitions

pwever, for consistency and simplicity, | SO/IEC 9075-15 assumes that M D-axes dwayshave a name. So, |i
s case, default MD-axis names are automatically generated (see Subclause 8.1, “<data type>" in ISO/IEQ

arks that a particular lower or upper-fimit of an MD-axis should not be checked against any maximum value.

ly

D-

Example SQL type definition

1-D MD-arrays of floating-point FLOAT MDARRAY [tenp(0:99)]
elements, with possible coordinates

fram [()1 to [C)C)] Thpqinglp MDaxis

iscalled temp, short for temperature.

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

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

©ISO/IEC 2019 — All rights reserved

SQL/MDA datamodel 15


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

ISO/IEC TR 19075-8:2019(E)
5.3 MD-array type definition

Example SQL type definition

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

2-D MD-arraysof integer elements, | | NT MDARRAY [*:*, *:*]
with no upper/lower limits on the
coordinates. The MD-axis names
arenot apu,ificu' (cu Oy IUUD).

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

3-D MD-arrays corresponding to SMVALLI NT MDARRAY [t (0:*), x(0:7999), (y:(0: 7999)]
time-series cubes of satelliteimages
over acertain area. The time MD-
axist has no upper limit, allowing
new images to be appended to each
cube indefinitely.

2-D MD-arrays of maximum size | CREATE TYPE RGBPi xel ASY(

1024x1024, correspondingto RGB | red SMALLI NT, green SNALLINT, bl ue SMALLI NT )
images (having red, blue, and green | RGBPi xel NMDARRAY [x{«0: 1023), y(0:1023)]
channels as 8-hit unsigned integer
components).

54 MD-array creation

54.1 MD-array creation concepts
There are several ways to intreduce MD-array values into the SQL-environment “from scratch”, i.e., the
opposite of deriving from existing MD-array values:

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

2) A tabular query result can be converted to an MD-array if it isin the appropriate structure.

3) MD-array constructor by iteration allows the generation of all elements of an MD-array by evaluating a
coordinate-bound value expression for each element.

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

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

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

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

<nd-extent> ::=

<l eft bracket or trigraph> <nd-axis list> <left bracket or trigraph>

<nmd-axis list> ::=

<md-axi s> [ { <come> <nd-axis> }... ]

<

<I

<

<I

T

5.

In
to

Fq
a
ax

M
ar

be

S

<1

<

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

d-axis lower limt> ::=
<nureric val ue expression>

d- axi s upper limt> ::=
<numeric val ue expressi on>

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

ne following Subclauses present each case in detail.

4.2  Explicit element enumeration
direct enumeration, all of an MD-array's elements can be listed in row-major order; the MD-extent isrequir
be specified with an <md-extent alternative>.

r a2-dimensional matrix, “row-major order” meansthat all elements of thefirst row arelisted in order, th
elements of the second row, etc. Thisiseasily generalized to multiple dimensions: theinner-most (last) M
is varies fastest, followed by the second last MD-axis, and so on.

athematically, the multidimensional coordinateto linear index trand ation can be specified asfollows. Suppo
MD-array of MD-dimension d, with.an'MD-extent D denoted as [N1(LO; : Hl4), ..., Ng(LOq : Hig)]. Let

tHI; —LO; +1. The row-major linearindex (starting from 1) of acoordinate [P4, ..., P4l within D isgiven b
1+ LPy+Eq- (LPy1+Edpr (o + Ep-LP) ) = 1+ Ly - T
here LP; = P, —LO%

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

d- array vakue constructor by enumeration> ::=
MDARRAY . <id- ext ent al ternative> <nd-array element |ist>

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

e

|\
1

<nd-array elenent list inner> ::=

<md-array elenent> [ { <comma> <nd-array element> }... ]

<nmd-array elenent> ::=

<val ue expressi on>

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

2

Thisis necessary in order to normalize the coordinate to an origin coordinate of [0, ..., 0], rather than [LOq, ..., LOy]

©ISO/IEC 2019 — Al rights reserved SQL/M DA data model
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Table 2 — Examples of M D-arrays constructed by element enumer ation

Example SQL fragment

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

from10He-19—TFheelement-at
coordinate [10] is—0:5, at [11] is
—1:5, and so on.

2-D 3x3 convolution kernel, as MDARRAY [i(-1:1), j(-1:1)] [-1, -1, -1, >108,
shownon Figure 3, “The structure |1, -1, -1, -1]

of an MD-array valueillustrated on
asample 3x3 array”. The element
at coordinate [0;0] is8, whichisthe
fifth element in the <md-array ele-
ment list>, whilethe elements at all
other coordinates are —1.

3-D 2x2x2 MD-array of 8SMALL- | MDARRAY [x(0:1), y(1:2)N=Z(2:3)] [1, 2, 3, 4, 5,
INT elements, suchthat theelement | 6, 7, 8]

withvalue lisat coordinate[0;1;2],
2isat coordinate [0;1;3], 3 at
[0;2,2],4a[0;2;3],5at[1;1;2], and
so on.

5.

<I

T
ol
th

1.3 From SQL table query result

tabular query result can be convertedtd.an M D-array with an <md-array value constructor by query>, defin

d- array val ue constructoriby query> ::=
MDARRAY <md- extent alt'ernative> <table subquery>

ne <md-extent alternative> specifies an M D-extent D with d MD-axes, denoted as[N1(LO;q : Hl 1), ..., Ng(LC
il ). Based onit, the SQL table T produced by the <table subquery> is required to satisfy certain criteria
pt constructingan MD-array from it will be possible:

T hasto he-of degree N=d + 1.

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

ed

50

EINLLOLLE <t adan-th

kLo ooy o dinata ol LA AY
OO T CONSIamT It T S ASSaTeO U tnC CoOOTM Ot C~COrarmiriS (TN, 5 T)~

values ranging from LO; to Hl;.

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

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

columns will be set to the null value.
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Figure 5, “Example of an SQL table that correspondsto a 3x3 MD-array”, provides an example of an SQL
table that satisfies these constraints. See Figure 3, “The structure of an MD-array value illustrated on a sample
3x3 array”.

i| j | element
1)1 -1 .

J
-1 0 -1 4
1)1 -1
ol .1 1 1+ [-1f-1]-1

N
ol o I O+ -1 8 | -1
01 -1 Al -1 -1f -1
1-1 -1 } t t >
.10 1 1

10 -1
11 -1

Figure5— Example of an SQL tablethat correspondsto a 3X3 M D-array

The following SQL query fragment would construct the MD-array out of thisitable T:
MPARRAY [i(-1:1), j(-1:1)] (SELECT T.* FROM T)

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

72

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

0| o 3 O+ (@] 8]-1
1|0 1 At e f-1fe
1N 1 — >

100 1 i

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

54.4 Construction by implicit iteration

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

<md- af ray val ue constructor by iteration> ::=
MDARRAY <md- extent alternative>

=TI = W W ! I "
CLLIVEINT O nmu=artay ©TCI Il

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

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

To make it more generally useful, this constructor is defined so that in some sense it creates an implicit loop
over the <md-array element> expression. The MD-axisnames are at the sametime MD-axis“iterator” variables
that range from the lower to the upper limit of the particular MD-axis. The scope of the MD-axis variablesis
the <md-array element>, where they can be referenced to dynamically generate the value of each element. For
ery element of the constructed MD-array, all MD-axis variables taken together (in the order of M D-axes iin
the M D-extent) essentially refer to the coordinate of that element; the value of each variableisthe corresponding
elpment of the coordinate.

Table 3, “Examples of MD-arrays created with the constructor by iteration”, shows examples of using this
cgnstructor, starting from creating simple constant M D-array, to more complex MD-array defivation cases.

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

of each element is equal to the sum of itsx and y coordinates.

Example SQL fragment

2-D constant MD-array such that the value of each element isO | MDARRAYA[x(0:9), y(0:9)]
(zero). ELEMENTS 0

1-D “gradient” MD-array of 10 elements, in which the value of } MPARRAY [ x(0: 9)]

each element is equal to its coordinate. ELEMENTS x

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

ELEMENTS x + y

2-D MD-array, which is derived from an existingMD-array A

MDARRAY MDEXTENT( A)

with MD-extent [x(0:9),y(0:9)], so that the valueof each element | ELEMENTS POAER(A[x, y], 2)
inthe newly created MD-array isthe square of'the corresponding
element in A. Note that MD-array element referencing is used
in this example, which is explained inrore detail later in this

Technical Report.

4.5 Decoding a format-encoded array

Anh MD-array canbe.established by decoding an array stored in some particular format. The high-level aspegts
were discusseddn Subclause 4.3, “Array representations’, and Subclause 4.4.2, “Array dataingestion and
stprage’. The'decoding MD-array constructor is defined as:

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

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

The parameters to the MDDECODE function are as follows:
1)
2)

First is the format-encoded array given as a <string value expression>.

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

Finally, an <md-array returning clause> requires specification of the MD-array type that would result from
decoding the <string value expression>. The MD-array structure cannot be inferred without decoding the
string, so to allow proper type-checking it is necessary to explicitly specify the result type. In this context,

T

(0]

the“*” normally allowed by <md-array type> is prohibited; the exact MD-extent of an MD-array valuglis

SQL/MDA itself standardizes the decoding process of JSON-encoded arrays identified by <fermat identifief>

by MDDECODE. Table 4, “ Examples of MD-arrays created from JSON-encoded arrays™, lists some examplies
off decoding JSON arraysto MD-arrays.

being described, which does not have infinite or indefinite MD-axis limits.

Nis mechanism provides a hook for implementations to define array —~ MD-array decoders as desired.

plication/json’. It is expected that the JSON array is embedded as a member with key ‘databwithin a JSOIN
ject. The JSON object could potentially contain more members acting as metadata that areultimately ignorgd

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

Example SQL fragment

1-D “gradient” JSON array of 6 ele- MDDECCDE(' { "data~X<[1, 2, 3, 4, 5, 6] }',
ments, in which the value of each ele- | ' appl i cation/j sen'

ment is equal to its coordinate. RETURNI NG | NT .VDARRAY [x(1:6)])

2-D MD-array from a 3x3 convolution | MDDECODE( ' ¢,"data": [[-1, -1, -1], [-1, 8, -1], [-1,
kernel array encoded as JSON (cf. R Y A

Figure 3, “The structure of an MD- appl Lgat i on/j son _ _

array valueillustrated on asample 3x3 | RETURMING INT MDARRAY [ (-1:1), j(-1:D)]1)

array”).

3-D MD-array from a 1x3x2 array MDDECODE(' { "data": [[[1, 2], [3, 4], [5, 6]11] }',
encoded as JSON. "application/json'

RETURNI NG | NT MDARRAY [t (0:0), x(0:2), y(0:1)])

5

5

b.1 MD-array updating introduction

5 MD-array-updating

T

hé-standard UPDATE mechanism of SQL, where an existing value is completely replaced with a new value,

is

generally not suitabletor MD-arrays. In practice, usually aset of small source M D-arrays need to be combi ned

into alarge target MD-array. The position of update in the target MD-array is random, determined by each

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

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

S

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

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

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

TABEE—Fempt

)
Te

5.

T

N

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

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

5.2 Updating M D-arrays of equal M D-dimension

VO cases are supported when the source and target MD-arrays, Sand T, are of equal MD-dimensions:

of Shasto be strictly within the maximum MD-extent of T. For example; this query replaces the value
T with the specified MD-array value:

UPDATE Tenp SET T = MDARRAY[t(1:1), x(1:1), y(1:3)h¢[0.0, 1.0, 2.0]
Thevalue of T in the single row of Temp is now MDARRAY [t(1:1), x(1:1), y(2:3)] [0.0, 1.0, 2.0].
When T isrestricted to a certain MD-extent D (with.-an-explicit <md-axis subset list>), only the part of

T at coordinates within the MD-extent [t(1:1)7X(1:1), y(1:3)]

UPDATE Tenp
SET T[t(21:1), x(1:1), y(1l:3)}~=
MDARRAY[ t (1: 1), x(Z1:I)Ny(1:3)] [0.0, 1.0, 2.0]

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

c

@

rectangle with black-border isits maximum MD-extent. The green rectangle isthe MD-extent of S The resl
M|D-array of the'update is the rectangle formed of the red, yellow, and green parts; the elementsin the yelld

ptably, the MD-extent of Sdoes not need to be strictly within the MD-extent of T, and can overlap or be

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

bset are set tonull.

The default UPDATE syntax, aswould be expected, impliesthat T is completely replaced. The MD-extd

corresponding to the MD-extent of Sis updated. Jthe’M D-extent of Shasto be strictly within D, and D
has to be strictly within the maximum M D-extent of T. The following query replaces only the elementsii

mpletely digoint as well,in which case the final MD-extent will be the union of the two M D-extents, ang
al| elements at coordinateswithin the union but not within the MD-extents of Sor T will be null values; Figure

Nt
of

T

7,
it
W

v
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Figure 7 — Example of array update

Altypical situation that entails using the second alternative is combining a'set of satellite images as acquired
by asatelliteinto aglobal world map. All satelliteimages, aswell asthefinal map are 2-dimensional. The map
wpuld be updated in turn with each satellite image (which may need to be “shifted” with MDSHIFT (cf.
Slibclause 6.4.4, “ Shifting”) to the correct position in the map.

5b.3 Updating MD-arraysof greater MD-dithension

Ojten, Scould be an MD-array value of smaller\dimension than T. In the following example, a2-D MD-arrgy
islassigned to a 3-D MD-array, and the t slice coordinate where the source 2-D array will be placed cannot e
inferred, so it is necessary to specify it explicitly:

URDATE Tenp
SET T[t(2), x(1:1), y(1:4d)]} =
MDARRAY[ x(1: 1), y(1:4)J5F5.0, 1.0, 2.0, 3.0]

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

T—

Thisisfairly smilarto the previous case, except that now in the subsetting MD-extent it is allowed to specify
dicing coordinates:
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Figure8 — Updatinga 3-D M D-arr@th a 2-D source MD-array

®®

5b.4 Updating a single element of an M‘[&ﬁray
T update asingle element in T, the subset h@ MD-extent has to provide slice coordinates for each MD-axis

off T. For example, this query will updat@he element at coordinate [1, 1, 1] to 5.2, so that the value of T in the
single row of Temp will be M DAR@th(l.l), x(1:1), y(1:4)] [5.2, 1.0, 2.0, 0.0]:

UBDATE Tenp SET T[1, 1, §6.2

O

5/6 Exporti r@%—ar rays

S

56.1 @ng to a data format

&ueeful MD- array values @(lstl ng within atable may need to be @(ported to some e(ternal repreeentatl an.

aformat encoded array”, specmed as.

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

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

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

2)

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

A

]

of
“
W

q

F(

}

r

JYON 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‘0f element type

typeisarow or structured type, the algorithm uses the symbols DET as the degree 6fET and FN; asthen

off the i-th field/attribute in ET; furthermore, operations defined later in the Technical Report are used, in pal-
tigular MD-array subsetting, element reference, and functions that get the name 'and the lower and upper li

Table 5, “ Examples-of MD-arrays encoded to JSON arrays’, below lists the inverse cases of the examples

encodi ng the <md-array value expression>. The RETU RNI NG clauseis opti onal and when omitted; the
result type is assumed to be either a character string type, if the <format identifier> is equivalent te
‘application/json', or binary string type otherwise, given that arrays are most commonly encoded'ip-binary.

5 with MDDECODE, encoding to JSON arrays is standardized in SQL/MDA. MD-arrays argllifearized td

[, MD-dimension d, and an MD-extent denoted as [N1(LO1 : HI1). ..., Ng(LOgq : HIg}. In case the elemen

an MD-axis. Corresponding to the <md-array value constructor by deceding> (cf. Subclause 5.4.5,
Decoding aformat-encoded array™), the resulting JSON array is embedded into a JSON object as a memb
th key 'datal.

A) = JSON_OBJECT( 'data’ VALUE F(A) FORVMAT JSON)

A |
et N be MDAXI S_NAME(A 1),
let LO be MDAXIS_LQO(A 1),
let H be MDAXI S _Hi (A 1)
if DIMENSION(A) = 1 (one), then {
if ET is a rowor structured type, . then
return JSON_ARRAY(

JSON_OBJECT(FN; : A[LO:FNy, ~.., FNpgr @ A[LO: FNgr ),
JSON_OBJECT(FN, : ALHITOFNG, ..., FNoer @ ALHT: FNoer ),
elfzturn JSON_ARRAY(A[LTY, ..., A[H]) }
elfzturn JSON_ARRAY( F(AIN(LO)]), ..., F(AIN(HI)1))

ovided previously on Table 4, “Examples of MD-arrays created from JSON-encoded arrays’.

Table 5— Examples of M D-arrays encoded to JSON arrays

Example SQL fragment JSON result
1-D “gradient” MD- | MDENCODE( MDARRAY [ x(1: 6) ] "{ "data": [1, 2, 3, 4, 5, 6] }'
array of 6 elements [1, 2, 3, 4, 5, 6],
"application/json'
A 3x3 convolution MDENCCDE( MDARRAY ‘{ "data": [[-1, -1, -1],
kernel MD-array [i(-1:1), j(-1:1)] [-1, 8 ~-1], [-1, -1, -1]] }'

[-1, -1, -1, -1, 8,
-1, -1, -1, -1],
"application/json'
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Example SQL fragment JSON result
A 1x3x2 MD-array of | MDENCODE( MDARRAY "{ "data":
6 elements [t(0:0), x(0:2), y(0:1)] [((r1 2], [3 4], [5 6111 }'

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

5/6.2 Convertingtoan SQL table

Converting an MD-array to an SQL table is useful whenever the perspective of using general/SQL would b
mpre adequate. There are situations that cannot be addressed strictly within SQL/MDA, but\that general S§
wpuld have no problems with. For example, the ability to order the elements of an MD-array by some criteiji
S
U

is[not foreseen in SQL/MDA itself, asit is not acommonly used array operation; converting to an SQL tablp
aryd using ORDER BY would be an acceptable aternative in this case.
er

Ap SQL ARRAY can be converted to an SQL table with the UNNEST operator. SQL/MDA similarly usestphe
NNEST operator for this purpose, tailoring it to MD-arrays. Thisis definedin Subclause 7.6, “ <table refey-
ce>", of ISO/IEC 9075-2:2016. The <collection derived table> expressien goesin the FROM clause of a
gyery. In SQL/MDA, the parameterslist is restricted to a single <collection value expression>.

<dol l ection derived table> ::=

UNNEST <l eft paren> <col | ection val ue expressi on>

[ { <conmma> <col |l ection value expression> }... J\<right paren>
[ W TH ORDI NALI TY ]

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

By default, when WITH ORDINALITY ishab specified, UNNEST of an MD-array is approximately the
dual operation of the MD-array value constructor by query previoudly introduced in Subclause 5.4.3, “Frgm
SQL table query result”. In this case, UNNEST results in atable with columns for each MD-axis with the
same name as the MD-axis hame (unless modified by a <parenthesized derived column list>), followeq
by a column holding the MD-array~elements at the corresponding rows.

2) If WITH ORDINALITY is $pecified, then before the coordinate columns there isin addition asingle
ordinality column holdingthe values from 1 (one) to the cardinality of the MD-array, in row-major order
corresponding to the MD-array elements.

Consider the following-example query.

SHLECT T.*
FROM UNNEST(MDARRAY[ x(1:2), y(1:2)] [1, 2, 5, 6])
AS T(X, ~¥< val ue)

It|converis asingle MD-array defined inline by directly enumerating all its elements to an SQL table, shown
infTable'6, “Result of example UNNEST query”.

Table 6 — Result of example UNNEST query

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

Considering the same query, but with WITH ORDINALITY added:

SELECT T *
FFitC]\/I UNNEST( MDARRAY[ x(1:2), y(1:2)] [1, 2, 5, 6])
W TH ORDI NALI TY AS T(ord, x, y, value)

Theresult is shown in Table 7, “Result of example UNNEST query specifying WITH ORDINALFEYY.

Table 7 — Result of example UNNEST query specifying WITH ORDINALKY

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

Almore complex problem isto find the ten most frequent elementsin an MD-array. This can be done by com-
puting a histogram on the array by counting how many elements there are of each value in the element type
range, which is then converted into to atable in orderdoe get the most frequent values after it's been sorted. In
the query below, let T be atablewith an MD-array cofumn A of type NUMERIC(2, 0) and aprimary key column
named id.

SHLECT H.val ue
FROM T, UNNEST( SELECT MDARRAY[ val lie(-99: 99)]
ELEMENTS MDCOUNT_TRUE(A = val ue)
FROM T ) AS H(val ue, total)
GROUP BY H.val ue
ORDER BY SUMH.total) DESG
FETCH FI RST 10 RO\
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6 SQL/MDA operations

6[T Tntroduction to SQL/MDA operations

The following Subclauses describe the operations in SQL/MDA defined on MD-arrays, that result-either in

based on the following SQL tables and sample data.

dgtection kernel shown in Figure 2, “ Rel ationships between MDA and SQL/MDA", plus a 5x5 filter kernel
arjother column. For conciseness, the exampl es often consist of only therelevant SQL query fragment referenci
the kernel or filter MD-array attributes, instead of showing afull 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)],
filter SMALLI NT MDARRAY [i (-100:100), j(-100:100)] »

| NSERT | NTO kernel s VALUES

(1, " Edge detection',

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

MDARRAY [i(-2:2), j(-2:2)] [2, 4, 5@ 2,
4, 9, 12,9, 4,
5, 12,015, 12, 5,
4,59, 12, 9, 4,
254, 5, 4, 2])

6|2 MD-extent prebing operators

toj<md-array valueexpression>. In | SO/IEC 9075-2:2016, they are defined in Subclause 6.30, “ <numeric val
function>", Subtladse 6.32, “<string value function>", and Subclause 9.1, “<table reference>". Table 8,
“Examples with-M D-extent probing functions’, shows examples for each function.

1) MDDIMENSION(AVE)
Returns the MD-dimension of the MD-array value AVE.

Al|simple table of small 2-dimensional convolution kernelsis created. It holds a single row with the 3x3 edde

The functions listed below allow getting information about the M D-extent of an MD-array; AVE corresponds

MD-array values again, or in some other SQL data values. Each operation isillustrated with various examplies

in
g

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 nameis an error condition.

3) MDAXIS NAME(AVE, <numeric value expression>)

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

index not inthe [1, DIMENSION(AVE)] rangeis an error condition.
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4) MDAXIS LOW(AVE, <md-array md-axis>)

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

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

Similarly, returns the upper limit of the respective MD-axis in the given MD-array value. A reference to

anon-existi ng M D-axisis an error condition

6) MDEXTENT(AVE)

7) MDEXTENT_MAX(AVE)

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

Table 8 — Examples with M D-extent probing funetions

Returns the MD-extent of an MD-array value, as atable with NAME, LOW, HIGH, and INDEX eolumns
holding the respective information for each MD-axis of the MD-array's M D-extent.

Example Result
MDDIMENSION(kernel) 2
MDAXIS INDEX (kernd, j) 2
MDAXIS NAME(kernel, 1) i
MDAXIS_LOW(kernel, 1) = MDAXIS LOW(kernel, i) —1
MDAXIS HIGH(kernel, 2) = MDAXIS HIGH(kernel, j) 1

MDEXTENT (kernel)

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

MDEXTENT_MAX (kerriel)

See Table 10, “Result of
MDEXTENT_MAX(kernel)”

Table 9 — Result of MDEXTENT (kernel)

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

Table 10 — Result of MDEXTENT_MAX (kernel)

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

Accessing asingle element in an MD-array can be done with the <md-array element reference> operation. In

order to reference asingle element, it is essentially necessary to specify its coordinate. Most commonly in

programming languages and tools, the coordinateis specified asalist of comma-separated val ues, each indicating

the index on the respective MD-axis. SQL/MDA adopts this notation as well, so an element reference for a

d-dimensional MD-array AVE would generally look like this:

AVE[ pos;, posa, posg]

O
or
of

their order of appearance. pos; specifiesaposition on the first MD-axis in AVE, pos, on the second, and
. Thisis called positionally dependent referencing.

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

inthis case. Note that pos; does not necessarily refer to a position on the i-th MDgaxis, but on the MD-axis
named name;.

he way to interpret posy, posy, ..., PoSy isasalist of integer values related to the particular M D-axesbase

E[ name;(posy),

nameq( posq) |

A
T
el
w

h

—

T

<

here is no value in mixing these two styles, so either one or the other-i's required to be used in an MD-arral
bment reference. In either case, specifying a coordinate whichiswithin the maximum M D-extent but not

thin the MD-extent of the MD-array will result in anull valte. Specifying a coordinate which is not with
e maximum MD-extent is an error condition.

Table 11, “Examples of referencing a single element in.ah MD-array”, below, shows afew 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 [j0), i(0)]

ker nel 50, 0] null
kernel [-1, 1000] error
kernel [x(0), y(0)]

kernel [i (0), 0]

ne full grammar definitionis asfollows:

d-arvay el enment reference> :

1 ==

50

n

<nd-array value expression>

<nd-axis slice list> :

<nd-axis slice |list naned> :

<nd-axi s slice named> ::

©ISO/IEC 2019 — All rights reserved

<l eft bracket or trigraph> <nmd-axis slice |ist> <right bracket or trigraph>

<nd-axis slice |ist naned>
| <md-axis slice |ist positional>

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

<nmd- axi s nane> <l eft paren> <md-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> ::=

6,

m
ha

[*2]

Qasgsed

Q-

.2 Subsetting

<numeric val ue expressi on>

4 MD-extent modifying-operations
erations

1.1 Introduction to M DE-extent modifying oper ations

Ni s Subclause covers the operations that take an MD-array input and result in an MD-array, value with a
pdified M D-extent. The elementsin theresult MD-array at corresponding coordinateswiththeinput MDarré
wever, remain unchanged. These operations include selecting a subset of the MD;array el ements, reshapi
P MD-extent, and shifting the MD-extent by a given offset coordinate.

he concept of MD-array element reference discussed previously-isnhow extended to an operation <md-arra
bset> that allows selecting a subset of the MD-array’s elements; rather than a single element. As such, the
sult of such a subsetting operation is an MD-array itself, with an MD-extent likely “trimmed” to be small
an that of the input M D-array, and/or some of the M D-axes potentially removed (“diced”). Figure 9, “ML
Fay subsetting examples’, illustrates this visually. Inthat figure, blue denotes the original array, while red
ows the subset array. The @) and c) examples preserve the MD-dimension, i.e., the subset contains only
[ims’, while b) removes, or “slices’ one MD-axis'and d) slices two MD-axes, resulting in M D-arrays of
naller MD-dimension.

y.

ANy

b)

Y,
9

T
d)

Figure 9 — MD-array subsetting examples

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 siced, leaving a O-dimensional MD-extent

32 Multi-Dimensional Arrays (SQL/MDA)

(that is, it completely removes the M D-extent).

The MD-array element reference construct already supports specifying MD-axisdli ces. Itisextended to support

©ISO/IEC 2019 — All rights reserved


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

ISO/IEC TR 19075-8:2019(E)
6.4 MD-extent modifying operations

Explicit trims are the ones specified in the subset itself. Given positionally independent subsets: if a particular

MD-axisis not present in the subset, either asatrim, or asasdlice, it isassumed to be an implicit trim with

lower and upper limits equal to the lower and upper limits of the MD-axis. Note that in positionally dependent
subsets thisis not possible; not specifying atrim for some MD-axis in the subset would disturb the order and

make it impossible to relate the remaining trims and slices to the MD-axes.

A wildcard asterisk character (*') can be specified instead of a specific lower or upper limit, in which case that

limit implicitly expands to the value of the lower or upper limit of the referenced MD-axis.

Sijmilarly, it is often useful to match the MD-extent of MD-array A, to the MD-extent of another MD-array
(of equal MD-dimension). This can be done by using the MDEXTENT function in the subset, which.isnot
different from the use of <md-array extent>, described earlier in this Technical Report in Subclause 5.4, “M
arfay creation”.

Tihe <md-array subset> is defined as followsin ISO/IEC 9075-15, Subclause 8.3, “ <md-array)subset>".

<rd-array subset> ::=
<nmd-array val ue expression> <l eft bracket or trigraph> <nd-axis subset |ist> <right
bracket or trigraph>

<nd-axi s subset list> ::=

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

<nd- axi s subset |ist naned> ::=
<md- axi s subset nanmed> [ { <comm> <nd-axis subset/ nmamed> }... ]

<rnd- axi s subset |ist positional> ::=
<nmd- axi s subset positional> [ { <conma> <nd-@xis subset positional> }... ]

<md- axi s subset naned> ::=
<nmd-axis limts naned>
| <md-axis slice named>

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

<rmd-axis limts naned> :: 3
<md- axi s name> <l eft parnen> <nd-interval expression> <right paren>

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

<md-interval expression> ::=
<nmd-axis |l ewey |limt expression> <colon> <nd-axis upper limt expression>

<nd- axi s Lower limt expression> ::=
<nmd-axi-s'linmt expression>

<nd-axi s upper linmt expression> :
<nd-axis limt expression

5y

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

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

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

Example Result

kernel [0:1, 0:1] MDARRAY [i(0:1), j(O0:1)] [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(-1:1)] [-1, 8,¢-1]
kernel [0, *:*]
kernel [i (0)]

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

filter[ MDEXTENT(kernel)] MDARRAY [i(-1:1950j(-1:1)] [
filter[i(-1:1), j(-1:1)] 9, 12, 9,

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

kernel [ 0: 50, *:*]

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

64.3 Reshaping

Tlhe <md-arrayeshiape function> is somewhat similar to the subsetting operation, with the following differencgs:

— Only trims are allowed; that is, the result is always an MD-array of the same MD-dimension as that of the
input-MD-array.

— Chhe MD-extent can a so be“enlarged” (up to the maximum M D-extent of the MD-array), while subsettipg
Onfy SUppOTts MD=extent “Testriction™ . On enfarging, alt efements ar coordimares withimthe resaitiviD-
extent, but not within the MD-extent of the input MD-array, are set to the null value.

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

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

<nd-array reshape function> ::
MDRESHAPE <l eft paren>

<right paren>

<md-axis limts list> ::=
| <left
| <md-array extent>

<rmd-axis limts |list positional > :
<l eft bracket or trigraph>

<right bracket or trigraph>

<Md-axis limts |ist named> :
<l eft bracket or trigraph>

<right bracket or trigraph>

a9

ntactically, MDRESHAPE is defined as follows:

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

<left bracket or trigraph> <nd-axis limts list positional> <right bracket or trigrap
bracket or trigraph> <nd-axis limts |ist

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

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

he alternatives for positionally dependent and independent M D-axis reference and MD-axis limit are sam¢
in the subsetting case, so refer to Subclause 6.4:2, “ Subsetting”, for the details. Table 13, “Examples of M
tent reshaping”, shows examples that illustrate the concepts of M D-extent reshaping.

Table13~— Examples of M D-extent reshaping

named> <ri ght ,bracket or trigraph>

D-

Example Result
MDRESHAPE( ker nel , [0:2, 0:1]) MDARRAY [i(0:1), j(0:1)] [8, -1, -1, -1]
MDRESHAPE( kernel , ([#(0:1), j(0:1)])
MDRESHAPE( ker nel5[j (0: 1), i(0:1)])
VDRESHAPE( kehnrel , [i(0:2), j(0:*)]) MDARRAY [i (0:2), j(0:1)]
[8, -1, -1, -1, NULL, NULL]
MDRESHAPE(filter, [NMDEXTENT(kernel)]) | MDARRAY [i(-1:1), j(-1:1)] [
fid\t er [ MDEXTENT( ker nel )] 9, 12, 9
fidter[i(-1:1), j(-1:1)] 12, 15, 12,
9, 12, 9]
MDRESHAPE( ker nel , [ MDEXTENT(filter)]) MDARRAY [i(-2:2), j(-2:2)] [
NULL, NULL, NULL, NULL, NULL
NULL, -1, -1, -1, NULL
NULL, -1, 8, -1, NULL,
NULL, -1, -1, -1, NULL
NULL, NULL, NULL, NULL, NULL]
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6.4.4 Shifting

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

< artay shift+ fynction> 1 —
MDSHI FT <l eft paren>

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

Inmoredetail, shifting the MD-extent works asfollows. First, ashift coordinate Sis computed asthedifference
between the origin of AVE and O. The difference of ad-dimensional coordinate [P+, ..., Pg4] @nd a coordinat

[D4, ..., Qq] isequivalent to the difference of their corresponding values, i.e., [P1 — Q1, ..; Py — Qql; the sun

is|defined analogously. Then the coordinate R of each element of the MD-array is replaced with R+S; the valpie
of| the element remains unchanged.

11%

=]

Figure 11, “MD-array shifting example’, shows visually the effect of MDSHIEF. The original MD-extent i
merked as a gray rectangle, while the new MD-extent after applying MDSHHET is the yellow rectangle.

U7

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

Table14 — Examples of M D-extent shifting

Example Result

MDSHI FT(kernel , [@,)0]) MDARRAY [i(0:2), j(0:2)]
MDSHI FT( ker nel ,«P(0), j(0)]) [-1, -1, -1, -1, 8 -1, -1, -1, -1]
MDSHI FT(ker nel“)[j (0), i(0)])

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

MDSHI FT(Ker nel , [i(0:0), j(0)])

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

6.45 MD-axisrenaming

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

<nd- axi s nmaxi nrum nd- extent cast> ::=
MDARRAY <nmaxi mum nd- extent cast alternative>

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


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

ISO/IEC TR 19075-8:2019(E)
6.4 MD-extent modifying operations

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

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

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

—f They can be explicitly Specified In an <maximum mad-extent>.

— They can be supplied from an existing MD-array of the same MD-dimension, using the MDAXIS_NAME
function (see Subclause 6.2, “ MD-extent probing operators’).

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

Table 15 — Examples of M D-axisrenaming

Example Result

CAST(kernel AS MDARRAY [x, Vy]) MDARRAY [ x(-1: D\ y(-1:1)]
[-1, -1, -1,(-1, 8 -1, -1, -1, -1]

CAST(kernel AS MDARRAY MDAXI S NAMES(filter)) | MDARRAY fin(-1:1), j(-1:1)]
[-1, <1, -1, -1, 8, -1, -1, -1, -1]

6|5 MD-array deriving operators

65.1 Introduction to MD-array deriving operators

This Subclause coversall operationsthat take M D-array input(s) and result in an MD-array value with elements
dérived from the elements of thednputs in some way.

6.2 Scaling

It}spossibleto reshape an MD-array, aswith MDRESHAPE (cf. Subclause 6.4.3, “Reshaping”), whileretrofitting
it$ contents into‘the new MD-extent. The contents are adjusted to the new MD-extent by interpolating (resam-
pling) the elenentsin someway. A familiar use caseisresizing (up or down) of animage, illustrated in Figure 12,
“VD-array scaling example”, in which the MD-array on the left is enlarged with MDSCALE to the MD-arrgy
on theright.

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

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

It isworth gni ng in mare dppth now into the al gnrifhm hy which the new element values are estahlished in the
result MD-array with MDSCALE. Deriving a particular new element value in general relies on a combinatipn
off several input elements, typically stemming from alocal neighborhood of areference element. Many differgnt
interpolation algorithms are known from literature and are in active use. For instance, Table 16, “Intefpolatipn
methods defined in 1SO 19123:2005”, lists the interpol ation methods defined in 1SO 19123:2005, which alS
agknowledges that more exist:

@]

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

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

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

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

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

Concatenation is an operation that “glues’ two MD-arrays along a specified MD-axis. The MD-axis can be
referenced by name or index position, in the same way as with the MDAXIS LOW and MDAXIS HIGH
functions for example (see Subclause 6.2, “MD-extent probi ng operators’). The MD-arrays are required to
have matching M D-extents on all M D-axes except the “gluing” MD-axis; this also meansthat they arerequired
to be of same M D- d| mension. The mechanlsm of concatenatl ng two MD-arraysis shovvn in Flgure 13, Con-

eX ample on theright shows concatenatl on along the second MD-axis.

Figure 13 — Concatenation examples

The grammar definition of MDCONCAT is asfollows:

<rnd-array concatenation> ::=
MDCONCAT <I eft paren>

<nd-array val ue expressi on> <conma> <nd-array nd;axi s>
<right paren>

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

Table 17 — Examples of. M D-array concatenation

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

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

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

6.5.4<_Induced operations

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

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

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

<md-array value function> ::=

:

I

| .
| <md-array absol ute val ue expressi on>
| <md-array natural |ogarithnme

| <md-array common | ogarithme

| <md-array exponential function>

| <md-array square root>

| <md-array floor function>

| <md-array ceiling function>

| <md-array trigononetric function*

| <md-array power function>

| <md-array nodul us expressi on>

| .

i

Tihe functions marked with strikesthreugh are not really induced operations and have been already covered [n
prievious Subclauses of this Technical Report. Of the remaining, only <md-array power function> and <md-
array modul us expression> ‘aré binary functions expecting an MD-array value asthefirst argument and an M[P-
arfay or scaar value as-the second argument:

<nd-array power-.function> ::=

<md- arr aynpower function left>
| <md-arrayspower function right>
| <md-afray power function both>

<rd- ar ay power function left> ::=
POVER <I| eft paren>
<md-array nuneric expression> <comm> <nuneric valie expression>

<right paren>

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

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

<nd-array nodul us expression> ::=

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

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

MDD <l eft paren>

<

<I

A

<

<1

<

<1

<

<1

<

<1

<md-array nuneric expressi on> <comma> <nuneric val ue expressi on>
<right paren>

d- array nmodul us function right> ::=
MDD <l eft paren>

<nurmeric val ue expressi on> <conma> <nd-array numeric expression>
<right paren>

d- array nodul us function both> ::=
MOD <l eft paren>

<md-array nuneric expression> <commua> <nd-array nhuneric exprgession>
<right paren>

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

d- array absol ute val ue expression> ::=
ABS <l eft paren> <nd-array val ue expression> <right paren>

d-array natural logarithm ::=
LN <l eft paren> <nd-array val ue expressi on> <right* paren>

d-array comon | ogarithnm ::=
LOGLO <l eft paren> <nd-array val ue expressicen> <ri ght paren>

d- array exponential function> ::=
EXP <l eft paren> <nd-array val ue expréssi on> <ri ght paren>

[d-array square root> ::=
SQRT <l eft paren> <nd-array valude-expressi on> <ri ght paren>

d-array floor function> ::=
FLOOR <l eft paren> <nd-argay val ue expression> <right paren>

d-array ceiling functien> ::=
{ CEILING| CEIL } _<kheft paren> <nd-array val ue expression> <right paren>

d-array trigononetric function> ::=
<trigononetric-flunction nane> <l eft paren> <nd-array val ue expressi on> <right paren>

"4}

The meaning of<these functions is self-evident; Table 18, “Examples of induced function application to MD
arrays’, shews examples for the ABS and POWER functions. The <md-array value expression> construct i
mpre complex. Based on the operand types, a binary <md-array value expression> op can take one of the fg
lowing forms (A and B are MD-arrays, cis a scalar value):

LA op B

2) Aopc

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

Example Result

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

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

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

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

Three grammar rules for each operation cover these cases, respectively named as “both”, “left{yand “right”
below. Further down, Table 19, “ Operations corresponding to the <md-array val ue expression>'grammar ruleg’,
ligts the grammar rules and the corresponding operations in a clearer way.

<nd-array val ue expression> ::=
<nmd- array bool ean expressi on>

<md-array bool ean expression> ::=
<md- array bool ean ternm>

<I

<

<I

<

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

d- array bool ean expression left> ::=

<md- array bool ean expressi on> OR <bool ean terfw

d- array bool ean expression right> ::=
<bool ean val ue expressi on> OR <nd-array ,pool ean terne

d- array bool ean expression both> ::=
<md- array bool ean expressi on> OR <pu-array bool ean ternp

d-array boolean terms ::=
<md- array bool ean factor>

<md-array boolean term | eft>
<md- array bool ean termni ght>
<nd- array bool ean tefm*bot h>

<nd-array boolean term.'eft> ::=
<nd- array bool ean-t€rn> AND <bool ean factor>

<md-array boolgan/termright> ::=
<bool ean tenn® AND <nd-array bool ean factor>

<nd- arr ay{ bool ean term both> ::=
<nd- array bool ean ternm> AND <nd-array bool ean factor>

<md=ary ay bool ean factor> ::=
[=NQTr ]

md-arrav bhoolean test>
7

<nmd-array boolean test> ::=
<nmd-array conparison expression> [ IS [ NOT ] <truth value> ]

<nd-array conparison expression> ::=

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

mar y>
expression |eft>
expression right>
expressi on bot h>

<nd- array bool ean primary> ::=
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<nmd-array primary>
| <parenthesized nd-array bool ean expressi on>

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

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

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

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

<nd-array nuneric expression> ::=
<md-array nuneric ternp

| <md-array nuneric expression left>

| <md-array nuneric expression right>

| <md-array nuneric expression both>

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

<nd-array nuneric expression right> ::=
<numeric val ue expression> <plus sign> <nd-array ,abfreric ternp
| <numeric val ue expression> <m nus sign> <nd-arrays\nuneric ternp

<nd-array nuneric expression both> ::=
<md-array nuneric expressi on> <plus sign> <nd-array nuneric ternp
| <md-array nuneric expression> <ninus sigax-<nd-array nuneric ternp

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

| <md-array nuneric termleft>

| <md-array nuneric termright>

| <md-array nuneric term both>

<nd-array nuneric termleft> :w=
<md-array nuneric tern¥\<asterisk> <factor>
| <md-array nuneric ternk <solidus> <factor>

<md-array numeric termright> ::=
<terne <asterisks/<nd-array nuneric factor>
| <terms <solidus> <nd-array nuneric factor>
<nd-array nupeni,.c termboth> ::=

<md- arraysnuneric ternp <asterisk> <md-array nuneric factor>
| <md-afray nuneric ternm> <solidus> <nd-array nuneric factor>

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

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

<nmd-array primary> ::=

<val ue expression primary>

<md-array subset>

<md- array val ue function>

<md-array field reference>

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

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

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

BNF production Operation
<md-array boolean expression> oR

<md-array boolean term> AND

<md-array boolean factor> Unary NOT
<md-array boolean test> IS [ NOT ]
<md-array comparison expression> =, <>, <, >, >=/<=
<md-array numeric expression> +, -

<md-array numeric term> *

<md-array numeric factor> Upary +, -
<md-array field reference> Select field

Table 20, “ Examplesof induced MD-array expressions’ ,;showsafew examples of induced MD-array expressions.

Table 20 — Examplésof induced MD-array expressions

Example SQL fragment Result

MDARRAY [i(-1:1), j(-1:1)] [
Fal se, False, False,

Check which e ements | ker nel . >5
of the MD-array are 5 <.Kker nel

greater than 5 (com- | N@T)(kernel <='5) Fal se, True, False,
pute a threshol d) Fal se, Fal se, False]
Replace negativeele-’ | kernel * CAST(kernel < 0 MDARRAY [i(-1:1), j(-1:1)] [
ments with a Q(zero). | AS INT) = 0, 0, 0,

CASE WHEN kernel < 0 THEN o, 8 O,

0 ELSE kernel END 0, 0, 0]
Negateal 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)]
twoMD-arrays_ filter[ MDEXTENT(kernel)] [8, 11, 8, 11, 23, 11, 8, 11, 8]

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

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

axisrenaming”):

<nmd-array cast> ::=

<data type> MDARRAY <nd-array axi s names>

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

Tabie 2I— Exampie of induced MD-array casting

Example Result

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

<dear ched when cl ause> :: =
oA

then Risthe null value.

eration.

alternatives from [l S0A075-02]
| WHEN <nd-array bool ean expression> THEN <result>

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

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

If an <md-array boolean expression> in the WHEN-clause exists, such that the value of its element 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 <result>'specified in the EL SE clause. If the EL SE clause is omitted,
The element at coordinate P in the result MD-array is set to Rif Risnot an MD-array value; otherwise, it is
st to the element in R at coordinateP.
T

Ibl e 22, “Examples of induced-.CA SE expression”, shows some examplesillustrating the use of thisinduced
0

Table 22 — Examples of induced CASE expression

(one).

Example SQL fragment Result
Replace negative ele- | CASE MDARRAY [i(-1:1), j(-1:1)] [
ments with a0 (zero), | WHEN kernel <=0 0, 0, O,
and positivewith 1 THEN O ELSE 1 o, 1, O,
END 0, 0, 0]
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6.5 MD-array deriving operators

Example SQL fragment Result

Colorizean MD-array | CASE

with “traffic-light” WHEN filter < 10
RGB color scheme THEN (255, 0, 0)
(elementssmaller than | WEN filter <13
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Figure 15— Colerized array

than 12 as green).

6.5 Join MD-arrayson their coordinates

D-arrays in which each element is a composite value consisting of two or more fields are very common if
actice. For example, standard color images typically havered, green, and blue channels, wind data would
ve U and V components, hyperspectral satellite imagery has many bands covering different wavel engths
0., Landsat 8 has 11 bands, Mars data from CRISM “has 544 bands, etc.). It would be very useful to be ab
create and export such MD-arrays, in order te visualize the result as an RGB image for example, akin to

lows:

d-array val ue constructor by_jain> ::=

MDJO N <l eft paren>
<md- array val ue expressi-on as field> <comma> <nd-array val ue expression as field>
[ { <comma> <nd-array+val ue expression as field> }... ]

<right paren>

d- array val ue expriession as field> ::=
<md- array val uesgxpression> [ AS <field nane> ]

DJOIN performs ajoin ontwo or more M D-arrays of equal M D-extents based on their coordinates. An eleme
the resulting MD-array isarow value constructed from the corresponding elements of each input MD-arr§
the ordex/in'which they have been specified.

ne fieldnames of each element in the result can be

rforming a JOIN on the MD-array's coordinates. Thisis supported by an MD-array constructor defined ag

e

Nt
Y,

Explicitly specified with AS <field nhame>.

— Implicitly generated as FIELD1], ..., FIELDN, where N is the number of MD-array operands.

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

Example Result type Result value

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

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

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

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

6|6 MD-array aggregation

6/6.1 General aggregation expression

Ap <md-array aggregation expression> allows aggregating M D<arrays into a single scalar value. Let's start
w/th the grammar definition:

<mnd-array aggregati on expression> ::=
MDAGGREGATE <nd- array aggregati on operator>
OVER <nd-extent alternative>
USI NG <val ue expression primary>
[ WHERE <search condition> ]

<rnd-array aggregati on operator> &=
<plus sign>| AND| OR| MAX~|\"\M N

Generaly, the structure looks somewhat similar to the <md-array value constructor by iteration> (Subclause 5.4/4,
“Construction by implicit iteration”). An <md-extent alternative> similarly defines an implicit loop over all
the coordinates within the specified M D-extent, and for each coordinate P, a <value expression primary> VEP
isfevaluated. The M D-axisnames defined by the <md-extent alternative> can be referenced as M D-axis variables
in'the same way. <mdtarray aggregation expression> does, however, introduce two new constructs.

Ah <md-array aggregation operator> allows the specification of the operation that is used to aggregate the
values of all VEP: This operation is required to be a binary function defined on the type of VEP for which an
identity element exists; furthermore, it should be commutative and associative, propertiesthat aid in query
optimizatien:Based on these criteria, SQL/M DA defines support for addition, logical conjunction and digunctign,
miximum and minimum. Table 24, “Identity elements for the <md-array aggregation operator>s’, lists the
identity elements for each operator.

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

Operation Identity element
<pl us 0

si gn>

AND True
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6.

6 MD-array aggregation

Operation I dentity element

OoR False

MAX implementati on-defined mini-
mum value (theoretically —)

N trptementatton-defired e
mum value (theoretically +)

ptionally a <search condition> SCP can be specified, alowing filtering the coordinates for which VEP wil

 evaluated: if SCP evaluatesto True for a coordinate PM, then VEP is evaluated; otherwise, it'is skipped and

es not contribute to the aggregation result. Most commonly thisis used to filter out the nullyvalue elemen
le 25, “Examples of general MD-array aggregation”, illustrates general MD-array aggregation.

Table 25 — Examples of general M D-array aggregation

S.

SQL fragment

Result

MDAGCREGATE +
OVER MDEXTENT( ker nel )
USI NG kernel [i, j]

0

MDAGGREGATE +

OVER MDEXTENI('Ker nel )
il

il <5

USI NG kernel [,
WHERE kerwel|i,

(@)

be

d

T
Example
Calculate the sum of
all elements.
Calculate the sum of
all elements smaller
than 5.

6/6.2 Shorthand aggregation functiens

<N

<1

d- array aggregation fuhction> ::=

MDALL | MDANY |
| VDM NA \VDSUM

MDAVG | MDCOUNT |

48 Multi-Dimensional Arrays (SQL/MDA)

hsed on the general MD-array aggregation expression introduced in the previous Subclause, SQL/MDA
ecifies several commonly useful*aggregation functions. They are syntactically defined as follows:

<md-array aggregat(i on functi on nane>
<l eft parenxz~<nd-array val ue expressi on> <right paren>

- array aggregation function name> ::=

MDCOUNT_FALSE |

able 26, “Predefined aggregation operators’, below listsall aggregation functions, along with their <md-arrgy
aggregation expression> definitions. In that table, Aisa numqic MD-array, B isaboolean MD-array, and

MDCOUNT _TRUE |

MDCOUNT_UNKNOWN | MDVAX
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Table 26 — Predefined aggregation operators

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

7 Remote sensing example

7[T Tntroduction to remote sensing example

cqntext are essentia for enabling and supporting the agile pace at which remote sensing is advancing. This
clpuse shows how several standard remote sensing operations can be performed with SQL/MBA, like band

raster images.

7|12 Datasetup

repeat cycle. The produced multispectral data has six non-therfaal"bands plus one thermal band (Table 27,
“landsat TM bands”), all with spatial resolution of 30 meters; the approximate scene sizeis 170 km north-
squth 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 2.09-235

Remote sensing is avery dynamic field, with ever-evolving data analysis techniques guided by modetn, mo
agvanced satellites, and increasingly powerful computing hardware. Flexible and scalable softwaretoolsin this

meth, computing histograms, band swapping, detecting changesin time, or extracting specific features fron

The examples in the following Subclauses use Landsat 5 ThematicMapper (Landsat TM) data. The Landsa
Thematic Mapper sensor was carried on board Landsats 4 and 5from July 1982 to May 2012, with a 16-day

re

[

which contains metadata about every scene, including acquisition date and quality estimate, and WRS
path/row/type, etc., aswell as the 7-band satellite image itself:

CREATE TABLE Landsat TM (
id | NTEGER PRI MARY KEY,
acqui sition DATE,
wrs_pat h | NTECER,
wrs_row | NTEGER,
wrs_type SMALLI NT,
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acquisition_quality SMALLI NT,
scn LSPi xel MDARRAY [Xx, y] )

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

CREATE TYPE LSPi xel (
b1l SMALLI NT,

b2 SMALEHNT,

b3 SMALLI NT,

b4 SMALLI NT,

b5 SMALLI NT,

b6 SMALLI NT,

b7 SMALLI NT )

I nsert ascene capturing the shore of Mississippi/Alabamaalong the Gulf of Mexico from 2011:10-03 (Figure 16,
“Visible color (RGB) bands of aLandsat TM scene”):

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

The'? in the insert query is substituted by the SQL client with the contents©f) the corresponding TIFF file.
Apsume that the implementation supports decoding from TIFF, as indicated with the media type image/tiff'
MDDECODE then converts the format-encoded TIFF data to the interrial MD-array representation.

Figure 1o — VISDIe color (RGB) bandsor a Landsat I'ivi scene
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