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Efficient Visualization and Querving of Geographic
Databases

Min Ouvang. Ph.D.
University of Nebraska. 2000

Adviser: Peter Z. Revesz

Geographic Information Svsrems (GISs) are attracting more and more in-
terest. For geographically distributed data. value-by-area cartograms provide
a highly expressive visualization. Continuously changing GIS spatiotemporal
data can be animared by cartogram animation. We propose several value-bv-
area cartogram animation miethods. and a new algorithm for creating single
value-bv-area cartograms. Our algorithins provide highlv expressive anima-

tions for GIS spatiotemporal databases.

We describe an O(n: time approximare algorithm. which can transform a
sequence of n time series data points into a linear constraint database. We also
describe how the approximation enables more efficient cartogram animations.
as weil as more efficient evaluation of database queries. The approximate

evaluation has high recall and precision on queries.
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We also propose a new querv optimization algorithm which is based on
the hvpergraph representation of queries. The optimization algorithm uses
recursive bi-partitioning of the hvpergraph to derive an optimized querv eval-
uation strategy. This algorithm creates evaluation strategies that are easily

parallelizable. which will be more efficient in parallel computers.
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Chapter 1

Introduction

Geographic Information Svstems (GISs) are specialized computer svstems for the
storage. retrieval. manipulation. analvsis and displav of large volumes of spatial or

map type data [36].

Many GIS svstems contain spatiotemporal data such that the geographicallv
distributed values change continuously over time. These continuously chianging
data will create infinite number of tuples in traditional relational databases. Con-
straint databases {27] provide a natural way to represent them such that these

infinite values can be represented in finite constraint tuples.

There are now a number of implemented constraint database svstems. such as
CCUBE 3i. DEDALE '10; and MLPQ 28.. The architecture of these constraint
database syvstems are verv similar. They all contain several special features which

never occur in relational and object-oriented database svstem design. These fea-
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2
tures may include modules for constraint representation. data approximation and

special data visualization.

Value-bv-area cartograms provide a highly expressive visualization of geograph-
ically distribured dara. For conrinuveusly changein
done bv successive displaving of value-bv-area cartograms at different time in-
stances. Such an animarion can reveal more information than is revealed by only
a few selected value-bv-area snapshots. In this dissertation we describe several
value-bv-area cartogram animation algorithms that can be used to visualize ge-
ographically distributed continuous spatiotemporal data that often oceur in GIS
svstems. \We implemented the algorithms as part of the graphical user interface of

the MLPQ GIS database svstem.

In GIS systems (and also many other svstemsi. continuously changing data are
cftenn measured and recorded onlv sporadically as time series data. Since a tine
granulariry of time may be needed. the traditional representarion of time series
data. as a set of data points. requires too much computer storage space and allows
only inefficient data retrieval and querving. We propose more efficient alternative
representations for time series data: piecewise linear approximartion. In the piece-
wise linear approximation. the time series data » is approximated by a piecewise
linear function f. such that at each time instance. the error between actual data

and the approximate data is less than some fixed error tolerance.
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Piecewise linear approximation is verv important in animation because it pro-
vides interpolation of data. enabling the animation to be done in anv time gran-
ularity. The data compression in piecewise linear approximation also helps the

evaluation process to work faster.
Query optimization is very imporrant in query evaluation {13, 24. 29. 32. 35
Wong and Youssefi's query optimization algorithm [35! for relational algebra queries

is a well-known optimization algorithm that forms the basis of several svstem

[£2]

In this dissertation we propose a new query optimization algorithm which is an

improvement of Wong and Youssefi's algorithm.

1.1 Outline of the Dissertation

The rest of rhis dissertation is organized as tollows. Chapter 2 gives a brief intro-
o o
duction on relational and constraint databases. as well as reviewing rhe previous

work on cartogram animations and query optimizations.

Chapter 3 describes several methods for value-by-area cartogram animation
and a new algorithm for creating single value-bv-area cartogram. We present the
algorithm and methods such that thev can be used to construct a cartogram an-
imation svstem that works tast enough to avoid pre-computing and saving of the
snapshots. This enables us to animate databases that have a large number of

snapshots. This chapter is based on our work of {20. 21},
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Chapter 4 discusses the piecewise linear approximation for GIS time series
data. We propose an O(n) complexity algorithm that can compress the original
time series data while guaranteeing certain maximal error tolerance. It is based on

the work of [4. 5. 26.

Chapter 3 tries to combine Chapter 3 and Chaprer 4 to explore the usage of
piecewise linear approximation in the value-bv-area cartogram animation. The
interpolation and data compression abilities in piecewise linear approximation help

to make nmore smooth and more efficient value-bv-area cartogram aniniation.

Chapter 6 is based on 6. Ir discusses the approximate evaluation of queries
hased on the piecewise linear approximation. We show that approximate evaluation

can get high precision and recall while creating much less constraint ruples.

Chapter 7. based on {19. 22]. proposes a new hypergraph partitioning based
query optimization strategyv whose evuluations require less space tor the interme-
diate size relations than the oprimized expressions given by eariier algorithms. [t
also gives parallel evaluarion strategies which can be more efficient in parallel com-

puters.

Finallv. Chapter % concludes the dissertation with some directions for future

work.
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Chapter 2

Background

2.1 Relational and Constraint Database Systems

Database management svsteni is a very niportant compoient of ¢ tmodern com-
puter svstem. [n its early ages in the 1960s. the network and hierarchical models
were widelv used. Now. the relational database model has becon:e the primary
model for commercial databases. For relational database model. there are some

theories that assist the design of databases and the efficient processing ot queries.

The relarional database model was tirst proposed bv Codd in 1970. In relational
database model. a database is a collection of one or more relations. Each relation

has a unique name and can be represented by a table with rows and columns 291

In relational databases. each relation consists of a relation schema and a

relation instance. The relation schema describes the design of the relation 1tablei.
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such as the relation name. the name and domain of each field of the relation (table).
A relation instance is a table as the instance of the relation schema. The following

Table 2.1 gives a relation instance for the relation schema
CSE413.Scores = iname. SS N score)
which record the scores of each student in the course of "CSE413".

Example 2.1.1 Relational Database table for relation C'SE113_Scores = (name.

SSN. score):

| name : SSN | score
[ Amv [ 999-99-000L © 90 |
© Billy | 999-99-0017 . 85
- Charlie . 999-99-0117 | 8

 Dick | 999-99-0227 2
. John | 999-99-3227 1 U3 |

Table 2.1: Database for Relation CSE413_Scores

Besides relational database representations. an alternative wayv to represent the
data is to use constraint databases. The constraint data model provides a finite
representation ot the unrestricted relational data model. The essential difference is
that in the constraint data model. the value of anyv attribute is specified implicitly

using variables and constraints 127].

Example 2.1.2 Suppose in a single day we record the precipitation in a city with

area 1= 10'? (square inches). It began to rain at 9:00am. 0.5 inch per hour and
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7
the rain stopped at 1:00pm. At 7:30pm. it began to rain 0.75 inch per hour and
stopped at 11:30pm. Then the amount of rainfall in this citv (in cubic inches) is

shown in Figure 2.1

-

210 —

10 200 M4 t

Figure 2.1: Amount of Rantall

Suppose that the amount of rainfall at each time instance is represented in the

tollowing relation schema:

Amount_of _Ramn fall = time.ran fally

In the unrestricted relational data model. a database instance could contain an
infinite number of tuples. The rainfall relation contains an infinite number of
tuples because the time instance can be anv real number between 0 and 24. as

shown in Figure 2.2.

The constraint relation for the above example is shown in Tabie 2.3. This
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[0.8)

_time | rainfall |
- 00:00 1 0.0

C10:00 | 2.0 1042

21:30 1 14 = 108

C24:00 ¢ 2.0 = 1083

Table 2.2: Unrestricted Relational Databuase for Rain
constraint relation describes the same relation as in Table 2.2. However. the repre-
sentation is different. In constraint relation. it uses a variable ¢ as the value of the
time and the valuable r as the rainfall. Both variables range over the real numbers.
The first row of the of relation means thar the rainfall is r at the rime ¢. if the
condition ) <t < 9.0.r = 0.0 is true. We call such a condition a constraint. Each
constraint can be a list of atomic constraints which are separated bv commas that
are read ~and”. The first constraint expresses that up to time 9.0 (9:00am!. the
amount of rainfall is 0. The next row expresses the rainfall is 2.0 = 10** « it — )
when ¢ is berween 9.0 (9:00am) and 13.0 (1:00pm:. Other rows can be explained

similarly.

Note that the entire constraint relation counsisted of only tfive constraint tuples

although it represents the infinite relation described earlier.

Having some databases in a computer svstem. a user can use query languages 1o

request information from them. Relational algebra is one option. it consists of a set
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| time | rainfall

4 |
F T E()StSQ.O.r——-0.0 ?
Lt ir 190<t<13.0.r =20x10"2=(t-9) }
EERE: 130 < £ <195,y = 8.0 % 1012 |
REEEE: (195 <0< 235 r =80 102 £ 3.0 10« 11 - 193]
Lt T 235 <t <24.0.r = 2.0 10" j

Table 2.3: Constraint Database for Rainfall
of operations that take one or two relations as input and produce a new relation
as their result. The fundamental operations in the relational algebra are select.

project. union. set difference. Cartesian product and rename. other operations

include set intersection. natural joun. diviston and assignment (291,

In relational algebra. we use lowercase Greek letter sigma (71 1o denorte selec-
tion. the uppercase Greek letter pi + I} to denote project. |J for union. — for set
difference. « for Carresian product and p for rename. We also use N for intersec-
tion. > for natural join and - for division. In this wav. the querv of finding the

students whose scores are greater than 90 can be written as:

Theme Cscore~ag CSE413 Scores (2.1

Relational algebra is a formal query language. However. commercial database
svstems usually use SQL language. SQL is not only a "query language”. it contains

many capabilities besides querving a database. Including features for defining
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10
the structure of the database. modifving the database and for specifving security

constraints {29].

The following is a SQL query rhart is equivalent to relational algebra in 2.1.

Select name
from ('SE413_Scores (
where score > 90

[
12

Another query language is Datalog. which is a rule-based language related to
Prolog. In Datalog each rule is a statement saving that if some points belong to
some relations. then other points must also belong to a detined relation. Each
Datalog query contains a Datalog program and an input [28]. The Datalog query

for the previous database retrieval problem can be written as:
High_ Scoresiname) : —=CSE413_Scoresiname. SSN . score .
scors > 90,
Both the constraint databases and the relational databases can be queried by

either relational algebra. SQL or Datalog.

2.2 Cartograms and Cartogram Animation

Many GIS databases contain spatiotemporal data such that the geographically

distributed value change continuously over time. Population and precipitation
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distributions are two such examples. Value-by-area cartograms provide a highly
expressive visualization for this kind of data. A value-bv-area cartogram is created
by dividing the original map into small areas (cellsi and then enlarging or shrinking
each cell to make its area proportional to its given “value”. For example. a value-
by-area cartogram where the cells are the continental U S. states and rhe values are
their populations in 1990 is shown in Figure 2.2, the population data comes from
the US Census Bureau http: www.census.gov. In this value-bv-area cartogram.
each state’s area is proportional to its population. By looking at the map. we can

easilv see the population distribution in the continental United States.

Figure 2.2: A Value-by-Area Cartogram for the U.S. Population in 1990

For the same set of data. there are several possible value-by-area cartograms.
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In general. the easier it is to recognize which cells are which in a value-by-area
cartogram the better {and more informative) it is. For example. for anyvone famil-
tar with the usual geographical map of the continental U.S. states. it is easy to
recognize the individual states. In that wav. one can learn that for example Cali-
fornia has a high population compared to its area as it is enlarged. which Nebraska
has a small population compared to its area as it is shrunk compared to the usual
geographic map. It is in this way thar cartograms can be informative and useful

for people who do not wish to look at statistical tables.

There are two basic forms of cartograms: contiguous cartograms and non-
contiguous cartograms. [n contiguous cartograms. the internal cells are adjacent
to each orher. while in noncontiguous cartograms. this is not necessaryv the case.
Figure 2.3 illustrates the original map with four ceils. each has the geographic dis-
rributed value with it. the contiguous cartogram and the noncontiguous cartogram

whose cell areas are proportional to the its “value™.

Generally. contiguous cartograms looks better than noncontiguous cartograms
because they look more like real maps. the geographic arrangement of cells also
helps people to recognize the cells with respect to original geographic map. On the
other hand. it is easier for noncontiguous map to preserve original shape of each
cell. and they are easier to construct. Because if we do not care the continuity of

the cartogram. we can simply enlarge shrink each cell to its desired area.
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Original Contiguous Noncontiguous
Map Cartogram Cartogram

Figure 2.3: Contiguous and Noncontiguous Cartograms

Contiguous cartograms are much more difficult to construct. Usually the cells
are represented by polvgons. When trving to construct contiguous cartograms.
each cell has to be enlarged.shrunken. The enlarge‘shrink requirement for each
cell may give conflict move direction for cell corner vertices. The cell shape has to

be somehow distorted to keep the cartogram contiguiry.

Cartograms can be drawn manuallv. However. computer programs are more
desirable. From 1973. a few computer algorithms for creating contiguous value-by-
area cartograms have been proposed 7. 13. 11. 30]. Among them. the pseudo-
cartogram algorithm proposed by Tobler 30 is the earliest. Generally. pseudo-
cartogram algorithm converges slowly (if it converges at all). and the area error is
large.

Dougenik et al.’s algorithm {7} and Gusein-Zade et al.’s algorithm {11, are based

on rubber-sheet transformation idea. which can give highly accurate cartograms.
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