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Efficient Visualization and Querying of Geographic
Databases

Min Ouvang. Ph.D .

University of Nebraska. 2000

Adviser: Peter Z. Revesz

G eographic Inform ation Systems fGISs) are attracting  more and  m ore in­

terest. For geographically d istribu ted  da ta , vulue-by-area cartogram s provide 

a highly expressive visualization. Continuously changing GIS spatio tem pora l 

d a ta  can be anim ated by cartogram  anim ation. We propose several vaiue-by- 

area cartogram  anim ation m ethods, and a new algorithm for creating  single 

value-by-area cartogram s. O ur algorithm s provide highly expressive an im a­

tions for GIS spatio tem poral databases.

We describe an 0{rr, tim e approxim ate algorithm , which can transfo rm  a 

sequence of rz tim e series d a ta  points into a linear constraint database. W e also 

describe how the approxim ation enables more efficient cartogram  an im ations, 

as well as more efficient evaluation of da tabase  queries. The approx im ate  

evaluation has high recall and precision on queries.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .

 
 
 
 

 
 
 

PREVIE
W



We also propose a new query optim ization algorithm  which is based on 

the  hvpergraph representation of queries. The optim ization algorithm  uses 

recursive b i-partitioning of the hypergraph to  derive an optimized query eval­

uation  strategy. This algorithm  creates evaluation strategies tha t are easily 

parallelizable. which will be more efficient in parallel com puters.
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Chapter 1

Introduction

G eographic Inform ation Systems iG ISsi are specialized com puter system s for the 

storage, retrieval, m anipulation, analvsis and dispiav of large volumes of spatial or 

m ap type d a ta  ;36l.

M any GIS system s contain spatiotem poral data  such th a t the geographically 

d istribu ted  values change continuously over time. These continuously changing 

d a ta  will create  infinite num ber of tuples in traditional relational databases. Con­

stra in t da tabases [27] provide a natu ra l way to represent them  such th a t these 

infinite values can be represented in finite constraint tuples.

T here are now a num ber of im plem ented constraint database  svstem s. such as 

CCUBE 3], DEDALE 10; and MLPO _2S.. The architecture of these constraint 

database  system s are very similar. They all contain several special features which 

never occur in relational and  object-oriented database system  design. These fea-

1
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tures may include modules for constraint representation, d a ta  approxim ation and 

special d a ta  visualization.

Value-by-area cartogram s provide a highly expressive visualization of geograph-

Hof o  P\-\r (■‘nnr i n t n - u i c l v  r ^ o r n r i n r r  A o r •-> > *-* . > *-I ~ U  r_ -- .. _ «-*** U.llUUUiOU V.UAI L/C

done by successive displaying of value-bv-area cartogram s a t different tim e in­

stances. Such an anim ation can reveal more inform ation th an  is revealed by only 

a few selected value-bv-area snapshots. In this d issertation  we describe several 

value-by-area cartogram  anim ation algorithm s th a t can be used to visualize ge­

ographically d istribu ted  continuous spatio tem poral d a ta  tha t often occur in GIS 

systems. We im plem ented the algorithm s as part of the graphical.user interface of 

the MLPQ GIS database svstem.

I11 GIS system s (and also many other systems), continuously changing d a ta  are 

often m easured and recorded only sporadically as tim e series data . Since a tine 

granularity  of tim e may be needed, the trad itional representation of tim e series 

data , as a set of d a ta  points, requires too much com puter storage space and allows 

only inefficient d a ta  retrieval and querying. We propose more efficient a lternative 

representations for tim e series data: piecewise linear approxim ation. In the piece- 

wise linear approxim ation, the time series da ta  .5 is approxim ated by a piecewise 

linear function / .  such th a t at each tim e instance, the  error betw een actual d a ta  

and the approxim ate d a ta  is less than  some fixed erro r tolerance.
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3

Piecewise linear approxim ation is very im portant in anim ation because it pro­

vides in terpo la tion  of d a ta , enabling the anim ation to be done in anv tim e gran­

ularity. T he d a ta  com pression in piecewise linear approxim ation also helps the 

evaluation process to work faster.

Q uery optim ization  is very im portant in query evaluation Tib 24. 29. 32. 35'. 

Wong and  Youssefi's query optim ization algorithm  [35] for relational algebra queries 

is a well-known optim ization algorithm  tha t forms the basis of several svstems. 

In this d isserta tion  we propose a new query optim ization algorithm w hich is an 

im provem ent of Wong and Youssefi's algorithm.

1.1 Outline of the Dissertation

The rest of this d issertation is organized as follows. C hapter 2 gives a b rief intro­

duction on relational and constraint databases, as well as reviewing the previous 

work on carto g ram  anim ations and query optim izations.

C h ap te r 3 describes several m ethods for value-by-area cartogram  anim ation 

and a new algorithm  for creating single value-by-area cartogram . We present the 

algorithm  and  m ethods such th a t they can be used to construct a cartog ram  an­

im ation system  th a t works fast enough to avoid pre-com puting and saving of the 

snapshots. T his enables us to anim ate databases th a t have a large num ber of 

snapshots. This chapter is based on our work of :20. 211.
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4

C hapter 4 discusses the piecewise linear approxim ation for GIS tim e series 

data . We propose an 0 {n )  complexity algorithm  th a t can compress the original 

tim e series d a ta  while guaranteeing certain m axim al error tolerance. It is based on 

the work of [4. 5. 26].

C hapter 5 tries to combine C hapter 3 and C hap ter 4 to explore the usage of 

piecewise linear approxim ation in the value-by-area cartogram  anim ation. The 

interpolation and d a ta  compression abilities in piecewise linear approxim ation help 

to make more sm ooth and more efficient value-by-area cartogram  anim ation.

C hapter 6 is based on [61. It discusses the approxim ate evaluation of queries 

based on the piecewise linear approxim ation. We show tha t approxim ate evaluation 

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

C hapter 7. based on [19. 22]. proposes a new hypergraph partition ing  based 

query optim ization strategy whose evaluations require less space for the interm e­

diate size relations than  the optim ized expressions given by eariier algorithm s. It 

also gives parallel evaluation strategies which can be more efficient in parallel com­

puters.

Finally. C hapter S concludes the dissertation w ith some directions for future 

work.
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Chapter 2 

Background

2.1 Relational and Constraint Database System s

D atabase m anagem ent system is a very im portan t euniponent of a tnudern com­

pu te r system. In its early ages in the 19G0s. the network and  hierarchical models 

were widely used. Now. the relational database model has become the prim ary 

model for com m ercial databases. For relational database  model, there are some 

theories th a t assist the design of databases and the efficient processing of queries.

The relational database model was first proposed by C'odd in 1970. In relational 

database  model, a database is a collection of one or m ore relations. Each relation 

has a unique nam e and can be represented by a table w ith rows and colum ns !'29l

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

relation  instance. The relation schem a describes the design of the  relation i tab le t.

•5
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6

such as the  relation  name, the name and domain of each field of the  rela tion  (table). 

A relation instance is a table as the instance of the relation schema.  T he following 

Table 2.1 gives a relation instance for the relation schema

C S  £*413 .Scores =  (name.  SS.V. score i

which record the  scores of each student in the course of "CSE413".

Exam ple 2.1.1 Relational D atabase table for relation C'SE- lVSScores  = {name.  

S S X .  score):

| name ; s s . \ score
1 Amv ! 999-99-0001 90 I
1 Billv 999-99-0017 S5
: Charlie , 999-99-0117 53

Dick ! 999-99-0227 92 ,
i -John i 999-99-3227 95

Table 2.1: D atabase for Relation C S E - i V i S c o r e s

Besides relational database representations, an alternative way to represent the 

d a ta  is to use constraint databases. The constraint d a ta  model provides a finite 

representation  of the unrestricted relational data  model. The essential difference is 

th a t in the  constrain t d a ta  model, the value of any a ttr ib u te  is specified im plicitly 

using variables and  constraints ;27i.

Exam ple 2.1.2 Suppose in a single day we record the precip ita tion  in a city w ith 

area 4 * 1012 (square inches). It began to rain at 9:00am. 0.5 inch per hour and
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th e  rain  s topped  a t 1:00pm. At 7:30pm. it began to rain 0.75 inch per hour and 

stopped  at 11:30pm. Then the  am ount of rainfall in this city (in cubic inches) is 

shown in Figure 2.1

10' —

10' —

Figure 2.1: Amount of Rainfall

Suppose th a t the am ount of rainfall at each tim e instance is represented in the 

following relation  schema:

A m o u n t . o f  .Ra in  fall = [ t i r n t . r a in fa l l )

In the unrestric ted  relational d a ta  model, a database instance could contain  an 

infinite num ber of tuples. T he rainfall relation contains an  infinite num ber of 

tuples because the tim e instance can be any real number between 0 and  24. as 

shown in Figure 2.2.

The constrain t relation for the  above exam ple is shown in Tabie 2.3. This

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .

 
 
 
 

 
 
 

PREVIE
W



time i rainfall I
; 00:00 i o n

10:00 2.0 *  !0 ;J

21:30 1 1.4 - 1013

24:00 < 2.0 - 1013 i

Table 2.2: Unrestricted Relational D atabase 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 t as the value of the 

tim e and  the valuable r as the rainfall. Both variables range over the real numbers. 

The first row of the of relation means th a t the rainfall is r a t the rime f. if the 

condition 0 <  t < 9.0. r =  0.0 is true. We call such a condition a co n s t r a in t . Each 

constraint can be a list of atomic constraints which are separated  by com mas tha t 

are read "and". The first constraint expresses th a t up to tim e 9.0 dUOOam,'. the 

am ount of rainfall is 0. The next row expresses the rainfall is 2.0 * L01J « i t  — 9 1  

when t is between 9.0 (9:00am) and 13.0 11:00pm1. O ther rows can be explained 

similarly.

N ote th a t the entire constraint relation consisted of only rive constraint tupies 

although it represents the infinite relation described earlier.

H aving some databases in a com puter system , a user can use query languages to 

request inform ation from them. Relational algebra is one option, it consists of a set
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9

tim e rainfall

t ! r 0 < t < 9.0. r =  0.0
t r 9.0 < t < 13.0. r =  2.0 * 1012 * (t -  9)

r 13.0 < t <  19.5. r = S.O * 1012
t ! r 19.5 < t < 23.5. r =  S.O * 1012 — 3.0 * 1012 * U — 19.5)

t i r 23.5 < t < 24.0. r = 2.0 * 10l:*

Table 2.3: C onstraint D atabase for Rainfall

of operations th a t take one or two relations as input and produce a new relation 

as their result. T he fundam ental operations in the  relational algebra are select,

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

include set intersection, natural join, division and assignment  [291.

In relational algebra, we use lowercase Greek letter sigm a i a  : ro deno te  selec­

tion. the uppercase Greek le tter pi t m  to denote project. |J  for union. — for set 

difference, x for C artesian  product and p for rename. We also use Cl for intersec­

tion. for na tu ra l join and / for division. In this way. the querv of finding the

students whose scores are greater than  90 can be w ritten  as:

Umime ^scores90  G b £*413_»^COre$ (^..1)

R elational algebra is a formal query language. However, com mercial database 

system s usually use SQL language. SOL is not only a "query language", it contains 

m any capabilities besides querying a database. Including features for defining
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10

the s tru c tu re  of the database, modifying the database and  for specifying security 

constrain ts [29].

T he following is a SOL query that is equivalent to relational algebra in 2.1.

Select name
from C5E413 S c o r e s  (2.2)
where score > 90

A nother query language is Datalog. which is a rule-based language re la ted  to 

Prolog. In D atalog each rule is a statem ent saying th a t if some points belong to 

some relations, then  o ther points must also belong to a defined relation. Each 

D atalog query contains a D atalog program and an input [28]. The D atalog query 

for the  previous database retrieval problem can be w ritten  as:

HighJScores(name)  : —CSE4Vi.Scores \  name.  S S X .  score .

score > 90.

B oth  the constrain t 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 spatiotem poral data  such th a t the geographically 

d is tribu ted  value change continuously over time. Population  and precip ita tion
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11

distribu tions are two such examples. Value-by-area cartogram s provide a highly 

expressive visualization for this kind of data . A value-by-area cartogram  is created 

by dividing the original map into small areas i cells! and then enlarging or shrinking 

each cell to make its area proportional to its given "value". For exam ple, a vaiue- 

by-area cartogram  where the cells are the continental U.S. sta tes and  the values are 

their populations in 1990 is shown in Figure 2.2. the population d a ta  comes from 

the US Census Bureau http: www.census.gov. In this value-by-area cartogram .

each s ta te 's  area  is proportional to  its population. By looking at the map. we can 

easily see the population distribution  in the continental United States.

Figure 2.2: A Yalue-by-Area C artogram  for the U.S. Population in 1990

For the  sam e set of data, there are several possible value-by-area cartogram s.
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In general, the easier it is to recognize which cells are which in a value-by-area 

cartogram  the b e tte r  (and more informative) it is. For exam ple, for anyone famil­

iar w ith  the usual geographical m ap of the continental U.S. states, it is easy to 

recognize the individual states. In tha t way. one can learn th a t for exam ple Cali­

fornia has a  high population com pared to  its area as it is enlarged, which Nebraska 

has a small population  com pared to its area as it is shrunk com pared to the usual 

geographic map. It is in this way tha t cartogram s can be informative and useful 

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

T here are two basic forms of cartogram s: contiguous cartogram s and  non­

contiguous cartogram s. In contiguous cartogram s. the internal cells are adjacent 

to each other, while in noncontiguous cartogram s. this is not necessary the case. 

Figure 2.3 illustrates the original m ap with four ceils, each has the geographic dis­

trib u ted  value w ith it. the contiguous cartogram  and the noncontiguous cartogram  

whose cell areas are proportional to  the its "value".

Generally, contiguous cartogram s looks better than  noncontiguous cartogram s 

because they look more like real maps, the geographic arrangem ent of cells also 

helps people to  recognize the cells with respect to original geographic map. O n the 

o ther 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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A
B A B ! A; ! B J

100 200

c
200

D
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C D c
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D

Original Contiguous Noncontiguous

Map Cartogram Cartogram

Figure 2.3: Contiguous and N oncontiguous C artogram s

C ontiguous cartogram s are much more difficult to construct. Usually the cells 

are represented by polygons. W hen trying to construct contiguous cartogram s. 

each cell has to be enlarged/shrunken. The enlarge''shrink requirem ent tor each 

cell may give conflict move direction tor cell corner vertices. The cell shape has to 

be somehow d istorted  to keep the cartogram  contiguity.

C artogram s can be drawn manually. However, com puter program s are more 

desirable. From 1973. a few com puter algorithm s for creating contiguous value-by- 

area cartogram s have been proposed (7. 13. 11. 30j. Among them , the pseudo- 

cartogram  algorithm  proposed by Tobler 130! is the earliest. Generallv. 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 a l.’s algorithm  [ ll j  are based 

on rubber-sheet transform ation idea, which can give highly accurate  cartogram s.
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