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Last week

e \We looked at the use of GIS in decision
making

e Explored a number of ways of combing data to
make decisions in multi-criteria evaluation
(MCE) which formalised much of what we have
done in the past

o Real world decisions require that we embed
GIS in a process where we consult a wide
range of stakeholders in the decision making
process

e Spatial Decision Support Systems aim to
provide a framework for such a process — key is
that the GIS expert does not work alone



Learning objectives

You can define the terms database and DBMS

You can describe the basic elements of a
database table and operations that are
carried out on it

You know the strengths and weaknesses of
DBMS and you can give examples of their use

You understand why indexing improves
performance, and can give an example of the
application of an index to a simple dataset

You can define what properties a spatial
database must have, and can describe
spatial indexing techniques



Outline

We are going to look at how large volumes of
data are typically stored and manipulated in
computers using databases

First we'll look at the basic element of a
database — the database table

Then we will explore some typical database
applications and their requirements

We will explore how we can index data, to
make access to it faster

Finally, we will look at what makes spatial
databases different, and how spatial data can
be indexed



Health warning

This lecture is intended as an introduction to
database ideas

Many (most) of you have not encountered
databases before formally — this lecture aims to
help you understand some basic ideas about
databases and how we can use them with
geographic data

This lecture serves as a “teaser” for material in
Geo874/875 (Introduction to databases/
Spatial databases) as Masters courses

Finally, if you are also studying informatics the
aspatial material should be familiar



What is a database?

o A database is simply a collection of data,
which are generally related to a particular
theme, and organised in some sensible
structure

o Databases are very commonly used in all
applications of computers as soon as we have
data which we wish to store and use many
times...

e Generally, we access databases through special
software called a database management
system (DBMS)

o We'll start by looking at some definitions and
then how we store data in a database...



Some definitions

o Data — data are the raw stuff that we store in a
computer -> they need not be human readable

e Database — A database stores data, typically about a
particular subject, in a structured way

e Database management system — ADBMS is a
software tool for the efficient and effective storage,
management and retrieval of data stored in databases



Data Base Management Systems

There are different types of DBMS

— Relational-DBMS are most common — they link tables
which are two dimensional

— Object-DBMS aimed to solve some weaknesses of
RDBMS, most especially encapsulating rich properties
and behaviours of objects (e.g. spatial data)

— Object-relational-DBMS a mix between the previous
two (essentially some capability to deal with objects is
bolted onto the RDBMS)

All of these models are based around well structured and
carefully defined schemas (formal definitions)

However, another family of database approaches exists —
so-called NoSQL which are gaining popularity

We're going to consider the properties of DBMS in a
general way



Primary key

Storing structured data
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Typically a RDBMS manages individual tables, containing records which each hold
items of data. The table itself is built from fields, at least one of which should have a
defined primary key — a value which is guaranteed to be unique for every record.



More on storing structured data

e The fields have defined data types (e.g. integer,
float, string)

e It is also possible to identify allowed values in
a field (e.g. only integers between 0-10; PLZ
must be a 4 digit integer — 8055)

e The choice of primary key is very important —
for instance all of your Modulpruefungen
results are stored in a database
— What properties must the primary key have?

— What do you think should be the primary key?
— What should not be the primary key?




Properties of database tables

e These properties were formally defined by
Codd of IBM in 1970 (cited in Longley et al., pp.
200)

— Only one value is stored in a cell at the intersection
of a row and column

— All values in a column are about the same “subject”

— Every row is unique (though individual entries in a
record need not be unique)

— There is no significance to the order of the rows or
columns

Why must every row be unique?
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Joining tables

Joining is a way of linking different tables which share
some data...

You have all joined tables in practicals

You used an appropriate key — a field found in both
tables and joined the two tables together

There are 3 sorts of relationships which can occur when
we have an appropriate key

— One to one: Every ship has ONE captain (and every captain
has ONE ship)

— One to many (or many to one): A Kanton has MANY
Gemeinden (but each Gemeinde has only ONE Kanton)

— Many to many: A road passes through MANY cantons and a
canton has MANY roads



Basic database tasks

e Having created a database (and by definition a
schema, the three most basic database tasks are
— Data entry
— Data retrieval
— Data deletion

e The most common day to day task is data
retrieval - individual records which match
some query are returned

e Records either match or don’t match a
query... (e.g.: your attribute selections in
ArcGIS)



Querying a database

e Typically, we query a database with a database query
language

e The most common example is SQL (Structured or
Standard Query Language)

e With SQL we can query and manipulate database
tables
— E.g.: SELECT * FROM eis WHERE “LENGTH” > 300

— This query says find all the records in the table eis whose field
LENGTH have a value greater than 300

— The result is the set of records for which this is true

— We can combine queries with logical operators (e.g. AND/ OR/
XOR)

— Queries must be valid
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Using databases

Data collection and maintenance are expensive

If we spend a lot of money on something, it makes
sense to think about efficient, structured and safe
ways to store and use it

Databases typically store sets of data related to a
particular business or problem i.e.:

— customer records for an online shop;

— lists of plant types associated with forest parcels;

— lists of books in the warehouse of an online shop.

Databases and database management systems (DBMS)
provide us with powerful ways of storing, retrieving and
analysing data...
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Sharing data between many applications

—
BRITISH AIRWAYS @ Buy travel

>Home

ebookers.com

more rewarding travel

Home QRN Hotels Flight + Hotel Cars Deals Thingsto Do BONUS+ LastMinute Mobile

Dates ~ Flights 2 Price Passengers c Payment Confirmation -
SN 2 " 2 & Search Flights

Plan your journey X X B

Flight Only  Flight + Hotel
Select your options below The Executive Club

Book together and save Retun Oneway Multiple destinations

® Flights
Hotels Flight + hotel
Cars Flight + car Flying from Flying to
. Customise your trip A .
My Recent Searcl Departing Returning Adults (18+) Children (0-17)
Country of 16/12/2016 = : -
AT o Select your departure to Edinburgh Fri, 16 Dec
switzerland v | > Book multi-city
Another reason to belong Prices are return per person, include all taxes and fees
From
Zurich LY ahe Kimx X Air France x
[zuren RITISH Buy Travel &= =
3 — 2 £
Edinbur o R N Search
1 Stop (76) £182
Depart
16/12/1 Outbound flight e > Use Avios to save up to 189 CHF in R} Zgsietiy) Gl save up to £123 when you book this Flight and a Hotel together (&
h - Ed Economy
Off by travel Airlines included From
B oot Bt B e . ) A, 06:45-10:30 4h 45m 1stop
20/12/1 § Tesasse Sindg sss, fow & British Airways (32) £207 Air France ZRH - EDI 1h 40m in CDG
Flight ¢ <Pmee = Yo WeOny > airberlin (23) £386 Air France 1686 operated by A5
ight c -
Econom e . YIKLM (17) £189 Show flight details ¥ 1l Baggage fee info @
ey “: : e X “.:‘ .:‘ “ Shrtme o
s 16O 116 o 125 w125 w123 e T S, 0645-1030 b 45m 1s10p £18157
Departs Fight Operator Economy Business Class ? Lufthansa (6) £288 Air France ZRH - EDI 1h 40m in CDG return
Flexibl :
——— — Air France 1686 operated by AS w
© Adul There may be an additional fee @ based on your payment method. Fee is not reflected in the ticket price Eam £1.82 in BONUS+
(164 © Outbound connecting Might options Departure time - Zurich
Show flight details ¥ Ilil Baggage fee info (& Good Flight (7 out of 10)
————— Morning (5:00a - 11:59a)
1 11:4
i £ i — - ) Afternoon (12:00p - 5:59p) e 11:45-16:05 5h 20m 1 stop £188.47
D) . Evening (6:00p - 1159p) KLM ZRH - EDI 2h 10m in AMS return
> Childre | 1 frre e QOS2 ——— There may be an additional fee ® based on your payment method. Fee is not reflected in the ticket price m
. ~——y M2 ?
> More tt s s ) A :Z;d;;g;b:gjzg Call us on Eam £1.88 in BONUS+
' . Show flight details ¥ 1lil Baggage fee info 1@ Good Flight (7 out of 10)
= Opening Hours/Call Costs
&1 Convec S Ttal ourmey tinecd hours 35 malnutes
larz 10:30 - 15:35 6h 5m 1 stop 5 left at £204.87
= gy Air France ZRH - EDI 3hin CDG return

) . Air France 1486 operated by Hop! Select

J

There may be an additional fee @ based on your payment method. Fee is not reflected in the ticket price. Earn £2.05 in BONUS+

ol o hours 40 minutes

Show flight details ¥ 1lil Baggage fee info & Satisfactory Flight (6.5 out of 10)

[ St <)
[Bee e dust -
& — e o 13:10 - 19:55 7h 45m 1 stop 5 left at £206-19
o British Airways ZRH - EDI 4h 25m in LHR return
R -~~~} & waaljour
=g
===

ned hours 30 minut
5. - There may be an additional fee:@ based on your payment method. Fee is not reflected in the ticket price

J

> 5 Earn £2.06 in BONUS+
e Show flight details ¥ 1lil Baggage fee info (& Fair Flight (5.8 out of 10)
et e O tsl journey e d hours 0 minutes
13:10 - 17:50 5h 40m 1 stop 5leftat £210-19
=gy British Airways ZRH - EDI 2h 20m in LHR return
- ) ' X There may be an additional fee@ based on your payment method. Fee is not reflected in the ticket price w

hours 30 minutes



Shared data

Very common that multiple applications have access
to the same data

Data structure constant, but view of data differs
(e.g. currency in flight bookings —implications?)

Some applications may be linked to different
databases (e.g. eBookers flight prices are not only
those of British Airways...)

Different database users have different rights — e.g.
new flights are entered by British Airways and accessed
by both booking systems

What problems could occur when multiple users
access a booking system (through one or more
applications?)

The separation of applications from data is a major
advantage of the use of DBMS



Transactions

A transaction is a group of changes made to a
database

Integrity is maintained by only changing the
database when all the stages are complete

If for some reason the changes can’t be
completed, the database is returned to its
original state

Integrity must also be maintained when
multiple users access a database



Transaction examples

e When a ticket is sold the database record is
locked until the transaction is complete (i.e. the
sale is authorised by the customer’s credit card)
— during this period the same seat cannot be
sold

e Typically such transactions are fast, and thus
the locking is not evident to the user

e More complex operations (e.g. editing the
points representing a polygon) may last a long
time and locking the database my prevent other
users from carrying out their tasks...



Allow access to large volumes of data

e Databases and DBMS

allow storage and
access to very large
volumes of data

Data storage is
independent of users’
CPU/ hard disk (central
storage)

Gathering of such large
volumes of data also
has important security
considerations
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Other properties of DBMS

Collecting data together in one place reduces
redundancy and maintains consistency

Data sharing is made easier

Database design formalises data collection
and storage at an organisational level

Organisational knowledge about data is
represented in the database design

Databases make ensuring data integrity and
persistence (not losing data) easier — data are
protected and should be secure (but see
Panama papers example)



Advantages and disadvantages of
DBMS

e Collecting data in one place Initial costs of migrating to

reduces redundancy

Reduced redundancy should
reduce costs

Apg:)lications are data
independent

Data sharing easier

Security and standards (e.g.
metadata entry) can be
enforced

DBMS are well suited to large
user numbers

Different users can be
assigned differing rights (view
some, view all, edit some of
the database)

List after Longley et al., p. 195)

DBMS are high

System can be inflexible — e.g.
I can’t find out which students
are in which semester, because
this information is not stored!

For short dprojects, with single
users, add unnecessary
complexity (reason we use file
geodatabases and not
geodatabases)

Database performance can be
poor, especially with complex
data types and indexing must
be well thought out



Question...

e You have a telephone book, alphabetically
ordered, with 4 names per page and 50
pages

e What is the largest number of records you
need to look at to find any name?

e What is the least number of records you
need to look at?



Indexing and retrieving data

Imagine we want to search a large database for
“"Ross Purves”

A typical example would be looking in a
telephone book

How do you search a telephone book?

Indexing is concerned with methods to make
searching (and thus data retrieval) more
efficient

The worst case is always that for n records,
we must examine n records to find what we
are looking for...



Indexes

Typical real world database applications have very
large numbers (often millions) of records

If we want to search databases quickly we must
build indexes — remember from earlier, there is no
significance to the order of rows in a database

Indexing reduces the number of records that must be
searched when we make a query

We index fields on which searches are commonly
made and which have many unique values (i.e. there
is little point indexing a field with values such as male/
female)

Indexes require us to store more data (the index) in
additional fields and make adding new data slower (we
have to rebuild the index too)



B-tree index

A very commonly used index in commercial
databases is the B-tree index (Balanced-tree)

In the B-tree we order the data and store a
given number of values at each level

We can traverse the tree quickly by using
pointers from each level

B-trees are called balanced trees because there
are always the same number of leaves at the
bottom of the tree (contrast later with
quadtrees)



Indexed data

Original data

Arolla Level 1 Level 2 Level 3
@ Arosa Arolla
E Basel Basel Arosa
E Bern Basel

Brig Bern
Q Cham Cham Brig
) Chur Cham Cham
(()) Davos
) Flims Davos >
-Il-l Meilen Cham
é Sion Meilen

Zug Sion

Zug

o At each level we compare with our query and decide
which child to go to

e At the final level we search all records in the node
e Example query: Davos



Exercise — fill in a B-tree index for these data

Indexed data

Level 1 Level 2 Level 3

Original data
21

14

32
17

100

3

72
23

10

10
/0

-20

You need to make one extra step here...



Spatial databases

e Up to now we have considered standard,
aspatial, representations of databases

o Guting (1994) offered the following basic
definition of a spatial database:
1.A spatial database system is a database system
2.1t offers spatial data types in its data model and a
query language
3.1t supports spatial data types in its implementation,

providing at least spatial indexing and efficient
algorithms for spatial join



Spatial databases

e Guting’s definition matches well with what is

commonly implemented
For example, the Open Geospatial

Consortium specify a Simple Feature
Specification, which details what properties a

spatial database should have
Many commercial and open-source

databases implement all or some of this

standard — for example systems may im
some operations only for the minimum
bounding rectangle of polygons (muc
and simpler)

hlement

N faster



OGC geometry types

+spatialRs
ReferenceSystems::
Geometry 1| SpatlalReferenceSystem
+mesureRS
ReferenceSystems::
G_’.T MeasureReferenceSystem
Polnt Curve Surface GeometryCollectlon
2.
+vertex
+element
LineString Polygon Polyhedral Surface MultiSurface MultiCurve MultiPolnt
0.~
= | +element <'> <>
1..*] +patch
+1ing
1.*
Trlangle TIN ) )
Line LinearRIng MultiPolygon MultiLIneString
+patch 1.% Q ? ?

From: http://portal.opengeospatial.org/files/?artifact_id=25355




Example spatial operations supported by OGC
Simple Feature Specification

Selection of methods for testing
spatial relations

Equals (anotherGeometry: Geometry): Integer —
Returns 1 (TRUE) if this geometric object is
“spatially equal” to anotherGeometry.

Disjoint (anotherGeometry: Geometry): Integer —
Returns 1 (TRUE) if this geometric object is
“spatially disjoint” from anotherGeometry.

Touches (anotherGeometry: Geometry): Integer —
Returns 1 (TRUE) if this geometric object “spatially
touches” anotherGeometry.

Contains (anotherGeometry: Geometry): Integer —
Returns 1 (TRUE) if ¢Ais geometric object “spatially
contains” anotherGeometry.

Create a matrix showing which
relationships are possible for
points, lines and polygons

Selection of methods for spatial
analysis

Distance (anotherGeometry: Geometry):Double —
Returns the shortest distance between any two
Points in the two geometric objects as calculated in
the spatial reference system of this geometric
object. Because the geometries are closed, it is
possible to find a point on each geometric object
involved, such that the distance between these 2
points is the returned distance between their
geometric objects.

Buffer (distance: Double): Geometry — Returns a
geometric object that represents all Points whose
distance from this geometric object is less than or
equal to distance. Calculations are in the spatial
reference system of this geometric object. Because
of the limitations of linear interpolation, there will
often be some relatively small error in this distance,
but it should be near the resolution of the
coordinates used.

These are all operations you have seen before — the key thing
here is that a spatial database must have data types and a query
language which allow us to make such queries



Indexing spatial data

A key problem with spatial data in databases is
indexing

For example, consider the query — “find all towns within
20km of Basel”

The result set will include towns in France, Switzerland
and Germany, so the database is likely to be European

Comparing the distance of every town in Europe from
Basel would take a very long time

One solution would be to calculate distances and
index those with a B-tree as above

However, in a spatial database, we can index the
gfefometry to make answering such queries more
efficient

\CIIVe will look at two common ways of indexing spatial
ata



Grid indexes

The simplest spatial index
is known as the grid
index

Grid indexes are a
regular mesh applied to
geographic objects

They are commonly used
to index street plans

The grid size should be
chosen with respect to
the objects stored

According to Longley et
al., three grid levels are
sufficient for good
performance

From: http://www.unics.uni-hannover.de/zeww/MapZEWW.jpg



Spatial indexes Grid index
example

Original Level 1 Level 2

data A A ’

Olo|N|jo|ju|bh|lwNn |-
‘rw -‘r >

O
O
[y S
= )
o

;




Introducing quadtrees

“a class of hierarchical data structures whose
common property is that they are based on the
principle of recursive decomposition of space”
(Samet, 1989)

o We are interested here in quadtrees which allow
us to represent regions of space where a value is
constant - region quadtrees

e Region quadtrees are based on the successive
division of a bounded area into equal-sized
quadrants



An example quadtree

Level 3




Some notes on our quadtree

The division of space in a region quadtree is
regular -> other types of quadtree exist

The quadtree only divides space further if it is
necessary (c.f. grid index)

The stopping criteria is that a quadrant is
completely filled by an object

For the raster case, a quadtree requires at most
n+1 levels, where, for a square raster, nRows =
nCols = 2"



Example - Creating a quadtree and its index

e Therasteris Sereees o EEEEEEEE
progressively EEEEEEE mE
subdivided into SSS85ss o
equal sized EEEEEEE 1
regions,  ERRRERdRens
i|\rll| e)l(:ed using EEEEEN H B
orton m

ordering EEEgEEENEEEE

EEEEEEE e 3

EEEEEEE H B

Ozl
2 3

e If aregionis 16 x 16 grid with one different

homogeneous  cell at row 4, column 7 0310 0311
it need not be -1
further 0312 0313

subdivided



The final quadtree and index

_yy N
030 /\032 033

H _'BE
0310 03110312 0313

The raster had dimensions 24x24and thus
the quadtree has 5 levels

Index
00[00]: Grey
01[00]: Grey
02[00]: Grey
030[0]: Grey
0310: Grey
0311: White
0312: Grey
0313: Grey
032[0]: Grey
033[0]: Grey
1[000]: Grey,
2[000]: Grey

| 3[000]:Grey |

The final quadtree can be
stored in a 1D index such as
a B-tree allowing rapid access
to individual values




Exercise

e Subdivide the following
raster as in the previous
example to create a
quadtree

e How many values are
stored in the final index?




Spatial databases - summary

Spatial databases must represent spatial
database types, allow querying and provide
an indexing mechanism

The OGC specifications are a good place to
start investigating what a spatial database
should provide

Most spatial database implementations simplify
elements of the problem

Many spatial indexing strategies exist —
using any will significantly improve
performance



Summary

e [ introduced some basic database concepts — if
you found this interesting then think about the
Masters courses

e In practical GIS applications, an understanding
of the databases is nowadays essential (file-
based approaches such as shape files are not
scalable)

e DBMSs are the key tools for working with
databases — we'll talk a bit more about their
practical use next week when we look at GIS
and the internet
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