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Abstract

This document gives an overview of Geographic In-

fo¡mation Systems (GISs) with respect to the Data

Model. We introduce a cl¡ssification of the typea of

data that one encounters in GISs. The requirements

for the GIS Data Model, that we are developing' are

summa¡ized in a short list. The known solutione for

storing the spatial data are described toget'her with a

new method. We classify and discuss the data struc-

tures for storing topological data. Finally, some addi-

tional topics and open problems a¡e indicat'ed'

1 Introduction

In the past few yeare there has been a growing in-

terest in the application of Geographic Information
the
To-
and
Fa-

cility Management (AM/FIl ) ; Command, Control and

Communication Syetems; \\'ar gaming and ot'he¡ Sim-

ulations based on Te¡¡ain Data; Car or Ship Naviga'

tion Systems.

One of the main reasons behind this development

is the availability of relatively inexpensive hardware

like powerful minicomputers a¡rd workstations, graph-

ics àisplays, scannem' digitizers, plotters and print-

ers. The'advent of cheap hardware encouraged the

latent demand for GISs wi¡h new capabilities' The ge-

ographic part of a system might be coupled with other

be based on an appropriate data structure' However,

mæt existing systems lack these data structures'

model should be a spatial data structure which must

allow the system to give fast retpontl to queries'

(or storage in a metafile) is possible; very limited ca-

pabilities are available for structuring the data'

Database packages (Network, Hierarchical or 
-Re-

laüional Data Ba"e Management Systems; DBMSs
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rcsca¡cìr is necessary to dcvelop a data model that does

not have the rest¡ictions of tlre graphical and database
packages mentioned above.

2 Data in a GIS

The entities in a GIS are based on three different types
ofdata: geomelricol, lopological and applicolicn da|a.
Gcometrical data have a quantil,ative nat,ure and a¡e
used to repreaent coordinates, line equations, etc. Ba.
sicaliy, there are two formats: raster and vector for-
mat. Th¿ vector format has three subtypes: point,
polyline and polygon. Henceforth these subtypes are
called geometric primitives.

Topological data describe the relationships between
the geometrical data. Examplee of topological data
are: relationships that describe which points define a
line, which ðrea¡¡ ale neighbours of each ot,her, which
polylines form a network (for representing a network
of roads). Topological data is not always stored ex-
plicitly.

Application data a¡e non-graphical data which are
eomehow ¡elated to the data described above; e g. the
name and capacity of a road (repreeented by a poly-
line). Application data may be any kind of data that
can be found in the traditional databases.

The remainde¡ of this section explains why this doc-
ument concentÌates on the vector format instead of
ühe ra¡ter format for the geometrical dat¡. Note thaù
thie diecussion i¡ about the internal reprerentation and
not about the diaplay oystem. An advantage of the
raster format ie that it is appropriate for data capture
techniquea like remote eensing (eatellites), ecanning of
exicting documente (mapa or aerial photographe) and
image procesaing in general, which all deal with raster
data. The raster format ha¡ some good epatial prop.
erüies, inberent to the direct addreeeing of the pixels.
Somle application¡ of theoe properties are:

t selec! ¿ certain (rectangular) region by ueing all
the pixels with the x and y indicee in proper range;

r frnd the neighbours of a pixel by using all the
pixels which have indicee one lower or higher in
comparison with the original pixel;

¡ if each polygon i.e represented by a set of pixels
with the eame colour and every polygon has a dif-
ferent colour, then the poiat-in-polygon test is

esl,ablishcd by dctcrmining the colou¡ of the pixel
(point);

r if two maps ale based on the sarne raster then
mop ouerlay is performed by a simple pixel by
pixel algorithm (this algorithm is also wcll suited
for hardware implementation).

The fact that a raster algorithm is simple does not
mean that iü is faster than a more complex vector al-
gorithm, because raster data have the tendency to be
very voluminoue. One reason for not conducting rô-
sea¡ch on ¡aster data struclures in GIS is that the
raster formaü already posseases good spatial proper-
tiea. À{ore important ¡easons for concentraiing the
research on vector data st¡uctu¡es are the serious dis-
advantages of the raster format. Different sources of
raster data use different rastere (sometimes a pixel
does not represent a squa¡e but a rectangle). What
is worse, a rectangular raster may not even be rectan-
gular when using a different projection. The geomet-
ric data should not depend on a specific projection.
That is, lhe geogrcphic coordi¡ale system must be
used. The main drawback of the raster format is that
it deals with digital images and not with parts of geo-
graphic enüities that, can be displayed and manipulated
individually. Therefore, it is noü possible to link the
geometric data, in a natural way, with the other data
types of the geographical entities.

ln epite of these arguments a GIS should porscss thc
capability to us¿ raster data as well as vcctor data,
because a user often has no control over the format in
which hi¡ data is delivered. R.aster data ca¡r be incor-
porated in a vecto¡ ba¡ed GIS by treating thesc data
as colour or üexture function on polygons. lbr exanr
ple a eatellite image may be proþcted on a Digital
Elevation Model (DEM, see eubsection 3.7).

3 Operations in a GIS

This s€cüion describes operal,ions that are used by an
operator of a GIS, possibly by way of an application
prograrn. We identify two gÌoups of operatione. The
first group consists of the operations that must be
preeenù in every GIS, these are called fundamental
operatione. The second group consisb of the opera.
tions specific to a certain application, the additional
operatione. All operations are mea¡¡t to be ue€d in
an interactive mode by the operator, pasibly through
an application progra¡n. This section discuss€s all the
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fundamental operations and a few examples of opera'

iion, fro* the second group' The spatial data struc-

iur" 1*"tion 5) should allow effìcient implementation

of the operations.

e¡ations on Digital Elevation Models form a separate

group and will be discussed in eubsection 3'7'

3.1 DisplaY MaP

There is a st¡ong relationship between the display map

.rJ tf," *f*t oieration' On the one hand' the select'ed

entities ale be displayed on the screen' On the othe¡

hand, entities may be selected from those displayed on

the screen.

kilometers'.

Spatial queries can be made more ea'sily by using a

pi"t input device. There a¡e three important issues

related to a Pick device:

Dø(pr,pr) = {Gr=;ffTQ' -1rt

e Which types of geomettic primitives a¡e to be se-

lected: points, polylines or polygons?

¡ What kind of geometric primitive is used to per-

form the e.le"i? Thb object ie called the picl

primititte. The two moe t frequently used are point

and rectangle.

åÎ:t::t':åï liîïtr"åiä r How rarge ehourd the pick opertut'- be? rhat is'

theregionwhicndthescaletohowlarg-eiethemaximumdistancebetweenthe
be us.d must be selected' 

nd rne sca¡e ro 

$;Iåï*'t" 
and the primitives which are to be

with their owners.

detaile ate ¡emoved.

3.3 SPatialCalculations

example IDECAP [53ì.

9.2 Select Entities



Another useful distance function is the Cily òlocß dis-
Iance:

Dc(pt,n) = l¡r - zzl * lvt - szl

Formulas for calculating the shortest distance between
a point and a polyline or a polygon a¡e a litüle more
complicated. The same applies to the distance be-
tween two polylines, two polygons and aleo between a
polyline and a polygon. The circumference of a poly-
gon defined by points p1 through p" (with coordinates
(r¡,y¡) for i from I to n and pñ+r = pr) is:

ñ

C =DDu(¡.,p,*r)
i=t

The a¡ea can be computed by accumulating a running
balance of triangular areas, resulting in the formula
(when the nodee a¡e numbered in counter clockwise
order):

,nl-A=;) (zivi+l-yi¡i+r)
i=l

If the order in which the nodes are numbe¡ed is un-
known, the t¡ue area is the absolute value oî.4. The
center of gravity (x,,y,) is computed similarly:

1.\
'. = dÃ. l(r; + ¡;+r )(¡¡yr+r - u;z¡+t)

i=t

lñ

Y, = #I(r, + Y;+r)(¿¡Yi+r - vi¡¡+r)
i=l

3.4 Combining Maps

The ability to combine different maps is one of the
main etrengt,hr of a GIS. The first, variant of thia oper-
ation i¡ the u¡sualcombination of different maps using
the dinplay map operation with the right projection
and scale. An example of this is: first, draw a polygo-
nal map with eoil typer, t,hen draw the network map of
toade and finally draw the point, map which repreaents
the cities. A apecial type of the visual combine-map
operation is the display of a map projected on a DÐM.

Â problem arises when üwo polygonal mape, cover.ing
the same regiou, have to be combined. The second
map could be drawn in a semi-transparenù mode, but
this ie noù alwaye a satisfying solution.

ifhe eecond variant of map combination operates on
two polygonal mape. It first computes the resulting

map and then displays it This is the polygon-oterlry
problem and sever¿l algorithms are described in the lit-
erature [21,16]. Because polygon-overlay requires time
consuming computations, it might be useful to sto¡e
frequently used map overlays [19]. Note that to solve
the query 'compute the total a¡ea ofsand grounds that
lie within 2 kilometers of a road', the polylines repre-
senting roads have to be converted to a polygon map
before an overlay with the soil type map can be pro-
duced.

3.5 Network Analysis

For map layers with a network topology, see section 6,
there are several analysis operations. Some examples
are [32,34,31]:

c shorlesl pallr: Calculate the shortest path be-
tween an origin and destinat,ion. The best pat,h
problem is a modification hereof whicb tries to
minimize the sum of the weight values, rather
than the geometric length, of the edges.

¡ localion oJ sentice ce ¡ler.' Determine the best lo
cation of a eervice center, e.g. a post office or
a bus stop. Tly to minimize the total distance
between the service center and the homes of the
inhabitants in that region.

o lrauelliag salesma¡: Determine the best or sho¡t-
est route for a salesman who has to visit a number
of citice.

The problems described above and other Operation
Rsearch problems may require a lot of computation,
eepecially as the sizc of the problem increases, e.g. the
number of cities a salesman ha-s to visit. Thercfore,
eometimee an almoeü best eolut,ion requiring lese com-
putation time is prcfcrrcd.

3.6 Simulation

The simulation operations resemble the network analy-
sis operations, because they also use the network topol-
ogy. The network is represented by a weighted graph.
The weight of an edge represents a phyeical property,
e.g. the capacity of a road. In simulation, the üime
aspects and the probability model play an important
role. This is a difference with network analysis. Ex-
amplea of eimulation a¡e: the eva¡uation of an area by
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road, the flow of liquids or Saries through pipes' etc'

lff,521.

3.T Digital Elevation Model

Beeidef the visualization there are other eesentia¡ DEM

operatione, such as finding local and global extremes

and line-of-sight calculations'

4 Requirements for the Data 5 spatial Data structures

Model Iü is hard to find a data st¡uctu¡e which satisfies all

ii"-."quir"-"nte mentioned in the ptevious section'

As mentionedbefore, the ba¡kboneof aGIS willbe the Therefore' oDe or more requirements a¡e temporarily

data model ba¡ed on a spati"l data structure. sorne ã.opp"d áuring the resea¡ch. Firet we will concen-

requiremenrs for thie data model are: ;;;;"'"" tbe ep-atial propertiet (r2)' As mentioned in

"".tion 
Z the vector format is used to store the geo-

mctrical data, that þ: points, polylines and polygons'

r,l Geometrical' Topological and Application data liJ¡¡onal structureL are needed to store the relation-

muel, be stored; 'hipt 
b"t*""n th""t tlata)' A bi-

nt the sPatial

12 It must poosers good spatial properties, allowing dimensional'
- 

"m.i""t 
impl"m"-,rt"tion of the fundamental oper- ctures (splay

ations deacribed in the previoue section; dimensional data.

" il"ïi:ï::,:,î'o* 
to store the data ar severar 

t:,'L""î'JJ'oîi::,ìïiiîJ:ïå',1'J: i:ïiJJï,ffii
rl lt must be pæeible to g¿ore the data in layers of deecribed: Þd trees' quadtrees' r-trees' Peano keys

object-types, so it ie pæeible to add or remove a 
""ï 

gti¿ ñles'. Another data structure' which is not

layer from the display; V"ip'Jfitft"¿ in l,he context of GISs' is suggested: the

BSP-tree.

should result in a 'good' and efficient data structure'

iie addition of an ãbject must be performed fast and

There should be procedures allowing easy and cor-

trãll"d *."r" of thl data. The data structu¡es mustbe

r.5 The data model ehould eupport long-term storage

(dat,abase a.sPects);

rd It must be pæsible to add, remove or change oL
jects and object-tYPes'
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Figure l: È-d Ttee

r rectangular or non-rectangular division of space;

. geomettic ptimitives used for divisions or arbi_
trary regular divisions;

r simplicity of data structure and algorithms (e.g
recu¡sive definition);

r functionality, which entities (point,, line and poìy_
gon) can be stored; which operations can be per-
formed; is three dimensional use poosible?;

r efficiency, the È-d tree and the quadtree are very
well known and thei¡ efficiency has been compared
in [33], [42] and [s].

5.1 å-d Tlees

Bentley describes tbis data structu¡e in l97S [6]. The
basic form of the l-d trrc stores t-dimensional pointe.
Each time a point is inserted, thie point is uoed to de-
ecend the tree until a leaf node is ¡eached. In the two
dimensional case this leaf represenls a rectangle, which
will be divided by the x-coordinate of the new point
on the odd level¡ in the tree and by the y-coordinatc
on the even level¡ in the tree, Bc.e figure l. The inter-
nal nodes contain points already inscrted. The t¡ee is
descended by comparing the value of the coo¡dinate of
the point stored at the internal node with the corre-
sponding coordinate of the search point,

A dieadvantage of the É-d tree is that the ahape of
the t¡ee depende on the order in which the pointe are
inse¡ted. In the worst case a t-d tree of n points has n
Ievels. The ødaptivc l'-d tnc [7] eolvea this problem by
chooeing a aplitting point (which is not s.n element of
the set ofdata pointr), which divides the eet ofpoints
into two eets of (nearly) equal eize. Thie proceee is
repeated unt,il each eet contains at most one point, see

Figure 2: AdaptiveÈ-d Tree

figure 2. The adaptive Þd t¡ee is not dynamic: it is
hard to insert or delete points.

Another variant of the È-d tree is the óinlr¿e [a7j. The
space is divided into two equal rcctangles. This is re-
peated until each leaf contains at most I one point.

For practical use it can be often convenient to use leaf
nodes containing more than one data point. The maxi-
mum number of points that a leaf may contain is called
the ó¿ctel size. If the tree is not completely sto¡ed in
core, the bucket size is chosen in a way that the bucket
fits within one disk page.

Mateuyama et al. [33] show how the geomctric primi-
tivee polyline and polygon may be incorporated using
the centroids of a bounding box in the 2-d tree. Rosen-
berg [a2] uses a 4-d tree to store a bounding box by
putting t,he minimum and maximum point together in
one 4'd point.

5.2 Quadtrees

'lhe quadtree is a generic name for all kinds of trecs
t,haü are built by recursive division of space into four
quadrants. Samet [44] gives an excellent overview of
which thiB subsection is a partial abstract.

The be¡t known quadtree is the regioz quødlree, which
ie used to ¡tore an approximation of a polygon. First
the are¿of interest is encloaed by asquare. A square is
divided into four equally sized squares until it is com-
pletely inside (a BLACK leaf) or outside (a WHITE
leaf) the polygon or until the ¡naximum depth of the
tree is reached (dom.inant colour is assigned to leaf),
see figure 3. The main d¡awback is that it does not
contain an exact repres€ntation of the polygon. The
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Figure 3: Region Quadtree Figure 5: PR Quadtree
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Figure 4: Point Quadüree

the region quadtree is used to etore

lines. This kind of quadtree is useful

ry raster data, but, as argued in sec-

ument concentrateg on vector format

based data structures.

The quadt.rees in the ¡emainder of this subsection

etore ex¿ct (vector format) repreeentat'ions' The poinl

qradlne resembleo the t-d tree. The difference is that

each time the space ie divided into four rectanglee in-

stead of [wo, eee figure 4.

oint Ræ5ion) does not use the

to divide the ePace' Each time it
uare, into four equal sub squales'

until each contains at mæt one point, see figure 5'

A polygonal map, a collection of polygons, can be rep-

..*ni"d by the PM qtadlree. The vertices are stored

in the tree in the same way as in the PR quadtree' The

edges are segmented into q-edges which completely

fall within the squares of the leaves' There are ¡even

classes of q-edges. The first class of q-edges are those

that intersect one boundary of the square and meet at

a vertex within that square. The other six classes in-

ters€ct tìvo boundaries and are named after the bound-

r.a! at
EENBÊ

.Ä,
MMMfl

ìgn"æ: S*.TR8&
aa o J

ffHElTnßwf

Figure 6: PM Quadtree

aries they intersect: NW, NS, NE, ElV, SW and SÐ'

For each non-empty class, the q-edges are stored in a

structure for performing various operations: insert-

ing an edge, point-in-polygon testing' overlaying two

maps, r¿vrge searching and windowing'

The remarks about buckets in the previous subsection

are also valid here. The C/.F quadlrte is a kind of

quadtree that is particularly euited fot rectangìes, a

description of it can be found in [44'12]'

5.3 R-trees

The Ê-lrc¿ was defined by Guttman [25] in l98 '

The leaf nodes of the R-tree contain entries of the

lorm: (l,objecl-idcnlíficr) , where oóject-idenlifierß. a

pointei to a data object ¿nd 1 is a bounding box (or

minimal bounding rectangle, MBR) Àn advantage of

the R-tree is that (pointers to) full and non-atomic
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BNffiPAffi M-l

Figure 7: R-tree

objects (e.g. polygons) are stored in the leaf nodes,
instead of lower level primitives which must be as-

s€mbled to the original object. The internal nodes
contain entriee of the fo¡m: (l,child-poirler), where

child-poinler is a pointer to a child and .I is the MBR
of tha[ child. The maximum number of en t,ries in each
node is called the branching faclor M and is chosen

to suit paging and disk I/O buffering. The INSERT
and DELETE algorithms of Guttman assu¡e that the
number of entries in each node lies beüween m and M ,

where m > M /2 ß the minimum number of entries per
node.

Figure 7 ghows a R-tree with two levels and M = 4,

The lowe¡t level contains tree leaf nodee and the high-
est level contains one node with pointers and MBRs
of the leaf nodes. Couerage is defined as the total area

of all the MBRs of the leaf nodæ. Oucrlop is the total
a¡ea contained within two or rnore leaf MBR.e. In fig-
ure R-tree the coverage'ß AU B UC and the ovcrlap
ia A n B. It i¡ clea¡ that efñcient searching demands
both low coverage and overlap; a paàted R.tree.

Rouseopouloe et al. [a3] deecribe the PACK algorithm
which creates an initial R-tree th¿t is more eflìcient
than the R-t¡ee created by the INSERT algorithm.
The PACK algorithm frequently uses a neareet neigh-
bour function during the creation of the R-[ree. The
city block distance function might be us€d becaus€ it
is computational cheapcr and it favore pairs of points
or MBR¡ that lie along the main axes instead of di-
agonal orientations and this results in rectangles with
less coverage.

The .R+-lrrc [18], a modification o[ the R-tree, avoids
overlap at the expense of more nodee and multiple ref-
etencer to sorne objects, see figure 8. Analytical results
indicate thaü R+-treea allow more efficient eearching,
eepecially in the case of larger objects.

Figure 8: R*-tree

5.4 Peano Keys

Bitwise interleaving of the two coordinates results in a
one dimensional key, called the Peano key [29]. Then a

well known data structure for one dimensional storage

and retrieval is uscd. This method is very eflìcienI for

exact match queries for points. The Peano key has l,he

same characteristics as the linear quadtree. In a linear
quadtree the leaf nodes are stored wi|h a localional kcy

and the tree structure is removed [1,44].

5.5 Grid Files

The principle of grid files is the division of the space

into recl,angles (grids) that ca¡r be idcntified by two

indices, one for the x-direction and one for thc y-

direction. The geomctric primitives are storcd in these

gride. In thie subsection two different methods will be

deecribed. The first one is us€d at the land registry

office in The Netherlands and will bc called Cadostral
gnd flc. The ot.her one is the file structure deñned by

Nievergclt et al. [38].

The cadast,ral grid file consists of scveral grids, cach

having a dille¡ent resolution. If a primitive falls en-

tirely in a grid cell of the grid with the highest reso-

lution then it ia stored in that cell. If the primitive
doea nol, fit then the grid with second highest reeolu-

t,ion ie t¡ied, this proceas is repeated until the primitive
is etored, eee figure 9. Each grid has a displacement,
ao small objects cræsing a high resolution grid will fit
in a lower ¡eaolution grid cell. The same technique is

also used by Kleiner et al. [29]. An advantage of the

c¿dastral grid file is that it never splits a gcomct,ric

primitive. However, the method is not dynarnic, some

cells may contain a lot of primitives while others are

empty.

Etril



471

frmoB:
(Nfrsmwx)

Figure 9: Cadastral Grid File
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The grid file as defined by Nievergelt [38] adjusts itself

to the density of the data, but is also more compli-

c¡ted. The cell division line¡ need noü be equidietant,

for x a¡rd y there ir a one dimensional array (in core)

with the lincor scales, thc actual sizes of the cells'

Neighbouring cells may be joined into one üucÉ¿ú if
the reeulüing area is a rectangle' The bucket's have a

fixed size and are stored on a disk page. The grid di-

nclory ia a two dimensional array, with a pointer for

each cell to the cor¡ect bucket. Figure 10 shows a grid

file with linear scales and grid directory. The grid file

ha-s good dynamic properties. If a bucket is too full to
storã a new primitive and it is used for more thar¡ one

cell, then the bucket may be divided into [wo buck-

etg. This is a minor operation' If the bucket is used

for only one cell, then a division line is added to one

of the linea¡ scales. This is a little more complex but

still a minor operation. In ca-se of a deletion of prirn-

itives, the merging process is performed analogous lo
the splitting process for insertion.

5.6 BSP-tree

The Binary Space Partitioning (BSP) tree is a storage

structure for polygons and polylines. The BSP-tree

is used by Fuchs [24,23,50] to produce a hidden sur-

face image of ¿ static three dimensional scene' After a

preprocessing phase it is possible to produce an image

iro- uny view direction in time linear in the number

of polygons in the BSP-tree.

In this subsection the two dimensional BSP-tree is

used for ühe structured storage of geometric data' It is
the only spatial data structure described in this section

that is not based on a rectangular division of space' It
uses the line segments of the polylines and the edges of

the polygons to divide the space in a recursive manner'

Figure Ll shows the BSP-trce ofa polygonal map' The

internal nodes cont,ain the line seSments and the leaf

nodes tepresent convexparts of the space' A disadvan-

tage of the BSP-tree ie that it i¡ sornetimea necessary

to split the line segments (see edge /in ñgure 1l) and

thai a polygon may be divided into two or more leaf

nodes.

5.T Three Dimensional Use

Beside the two dimensional use, nearìy all solutions

can be adapted for three and higher dimensional data'

Some examples of applicatione within a GIS are:

¡ true three dimensional applications: storage of a

Digital Elevation Model (DEM);

r storage of attributes (applìcation data) directly

with the two dimensional geometric data, result-

ing in 3 or more dimensions;

Figure t0: G¡id File
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. time aspects add an cxtra dimension; for example,
the change in land use.

Further ¡esearch is necessary to establish if these ap-

plications are really useful, see Kraak [30].

6 TopologicalStructures

Topological data a¡e not etored in the spatial data
sù¡uctures discuesed in the previous eection. Several

special data structu¡es are known for this purpose.
Which topological data structure should be applied
depends on how the geomeüric primitives a¡e used. In
one layer (see rJ section 4) all the geometric primitives
are sto¡ed in one type of topological data st¡ucture. If
the geometric primitives are used to represent polyg-
onal areas, then the TIGER structure is well suited,
see subeection 6.1. The subs€ctions 6.2 through 6.4

deal with the topological data structures in the cases

of network, contour and point data.

6.1 The TIGER Structure

The Topologicaìly lntegrated Geographic Encoding
and Referencing (TIGER) System, is developcd by tlre

United States Bureau of the Censue. The descripl,ion

of the TIGER etructure ie derivcd from [a].

When atoring polygonal area¡ the structure captures
the ¡elationshipe between the polygon, polyline and

point primitivee, which are called 2-cells, l-celle ¡nd
0-cells respectively. A l-cell i¡ a polyline, the firot
and the last pointe of which are by definiüion Gcell¡.
These Gcells are called lrom uÀ lo Gcell¡ and they
are the sarne in ca¡e of a loop l-cell. The points of a
l-cell between the Gcell¡ a¡e called curuature pointe

and are connected by vectors. A l-cell has ùwo sidee,

a lcf and righl2.,celJ, eee figure 12. The complex of
l-cells covere a finite region of the inñnite projective
plane. The unbounded region that surrounde the l-
cell complex ia repreeented by a 2-cell labelled with a

special code.

In addition to the¿e deñnitions, the topological struc-
ture must obey two rules. The rule of Topologicol Com-
plctcncss requireo that the topological relationships be-

tween cells are complete, for example a 2-cell is corn-

pletely surrounded by a eet of'connected' l-cells. The

Figure 12: TIGÐR Structure

l2t a J

Figure 13: Network Structure

rule of Topologicol-Ceomelric Consisteacy rcquires a

consistenl, relaùionship between t,he gconrctric placc-

ment of cclls ¿r¡d the pure topological rclal.ionslrips of

cells, for examplc no two 2-cell interiors sha¡e a com-

mon coordinate.

6.2 The Network Structure

The TIGER structure can also be used for nctwork
data if the 2cells are not used. In this way unpolyge
nized data with only Gcells and l-cells a¡e valid. But

it is not pæsible to represent such data as depicted in

figure 13. This eituation occure in the ca-se of a net-

work of roads or pipelines' The a¡rows indicate the

direction of flow. Note that there is no crossing of
roads B and C. In this way a fly-over is represented.

The topological structure of this kind of data should

be represented by a direcüed graph. The points and

polylinee are the nodes and edges of thc graph. The
polygon primitive is not used in this situation'
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Figure 14: Coutour Structure

6.3 The Contour Structure

Another type of data frequently encountered in GISs

is based on contours. Examples are: height contours

and density iso- physical parameter'

The nesting of t cribed bY a tree' see

figure t4. Ã dis tree is the unknown

number of child

The topological etructure of contour data can be used

to impiemJnt an algorithm for colouring the area's b-e-

tween the contours on a raster display: during the

pre-order traversal of the tree, completely fill the area

inside eacb contour that is encount'ered'

the result of the inorder traversal of the tree'

6.4 The Point Structure

regular or irregular Point data'

In the case of a regular square grid, the point data

Figure 15: Voronoi Diagram

degenerates into raster data' As already explained

inLction 2, rasters have good spatial properties and

clear (implicit) topological structures' If t'he points

u," stàr"å in a 2Darray, the neighbours of a point

are fo,rnd by incrementing or decrementing one of the

array indices'

À useful topological structure for point data is.the

Voronoi diigron [40], see figure 15' For t'he points

p¡ for 1< i < N,ìh; Voronoi diagram consis[s of JV

,å¿oor 7f ¡l *ith the propertv that if (r,v) e V(i)

thãn p¡ is ìú" nea.est neighbour of (c' v) If H(p;'p¡)

i, the hatf-plane with the set of points closcr to p¡ than

to p¡, then

Y(i)= n Hþt,P¡)
j+i

The Voronoi diagram ie used to answer spatial queries'

ihe straight-line dual of the Voronoi diagram is called

,h" Drloinoy lriangulatíon [55] and can bc trs€d in a

conversion from point data to contour data'

7 A ComPlete GIS

A GIS is more than just a data model in which dif-

i"."nt typ"" of data s[ructures can be incorporated

in tn" øtio*ing subsec[ions important a'specLs like th.e

Jatabase, the user interface and exchange standards

will be üreated

There are many rnore interesting aspects and ncy !e-
*lopments in ih" GIS technology' Error models. for

spatìal data [9,10], especially when dealing with data

oi -oltipl" sãur.es is an example hereof' Änother one

is the use of expert systemr [41,a5] to enhance the user

interface of u 
-GIS. 

Expert systems can also be used

díagroø

D clounoy lria ng ul otiott
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during thc design of c-arl,ographic maps: determining

the use ofcolours, automatic generalization [37], plac-

ing the labels lZZl, etc. However, thcse topics do not
fall within the scope of the research described in this

document.

7.L The Database

A transparent transformation from the long-term stor-

age to the data structures in main memory should

be provided. Dependent on the operator profle , a

description o[ his preferences' certain functions will
be performed automatically. This might, include the

right projection and pre-calculation and storage of fre-

quently used properties; e.g. ühe area of ô polygon.

To store the application data (attributes), a relational

DBMS can be used with references to identification
codes of the geometrlcal entities. The database should

also be used for the storage of the geometrical and

topological data. The DBMS should be extendible

with additiond typæ, storage and sea¡ch mechanisms'

although unfortunately mæt databases a¡e closed. .A'n

exception is POSTGRES [46], an experimental DBMS

from the University of California (Berkeley). Some in-

üeresting design goals of POSTGRES are:

¡ Provide better eupport for complex objects in-

etead of only integers' reals and strings.

¡ Provide user extendibility for data types, opera-

tors and access methods.

¡ P¡ovide facilitiee to save and query historical data

and version8'

¡ Make as few changes as pæsible l,o the ¡elational

model.

7.2 The User Interface

The us€r interface requirea a careful design. The oper-

ations (eection 3) are meant to be used by the operator

in the first place. If he cannot wo¡k with them the GIS

will not be fully used. Aspects of the user interface

which deserve epecial attention are:

r The graphical package the be ueed, keeping in
mind the opetatione described in section 3, e+
pecially the display operatione' Candidates are:

PootScript [3,2], cGI [27], GKS [4], GK93D'

Figurc l6: MrrltiPlc lllaPs

PHIGS [28], PHIGS+ and HIR^SP [49]. Should

the graphical package have 3D capabilities (for

DBMs)? Should there be facilities for the trans-

parent display ofimages (for overlaying polygonal

areas)?

o Resea¡ch on multi-map user interfaces, using a

window based Ueer Interface Management System

(UIMS) like Windows X/11 or NeWS. l'igure 16

contains some examples. Important issues are:

the number of rnaps and other parts on the screen

(e.g. for alpha-numerical information), may these

parts overlap, be reshapcd and moved by the op-

erator?

r The design of a graphical query language' The

selections are stated using input dcviccs such as

pick, locator, valuator and string.

7.3 Exchange Standards

The cost of data capture in GISs is usunlly high' An

obvioua solution to ¡educe this coet is nrultiplc use of

t,he same data set. Unfortunately, there are some prac-

tical problems: what data should be collecied, how

accurate, what format should be used? There are

several'exchange standards-available that try to solve

Some of them are: DLMS
41, uscs (DLG), sUF-2 [56]'
tañle [26]. One of the latest'

Standard for Digital Carto
graphic Data' of the Digital Cartographic Data Stan-

ã.rãs Fo.ce (DCDSTF) in which the U'S. Geological

Survey plays an important role'
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I Present and Future'Work

lr¡ tltis document t,he rcquirements for the GIS Data

Model are often t,reated separately' The combination

ofrequiremente r2 (spatial properties) and rJ (several

levels of detail) is expected to be quite difficult. A
solution has to be found somewhe¡e in between:

o Store everything at the most detailed level. Per-

form 'on the fly'generalization during the GIS

operatione. There are several different types of
generalization: line-smoothing (some algorithms:

k-th point, simple threshold and Douglas/Peucker

[15,35]), join, delete, move and enlarge geogtaphic

entities. Note that übe generalization process is

complicated and involves human decisions.

o TÞy to define a discrete numbe¡ of levels of detail
and store them [a9]. The R-ttee seems to be a

good spatial data structure [o store multiple lev-

els of detail. The leaf node on one levcl may con-

tain a represenüation of the geographic entity and

also a reference to a R-tree with a more detailed

representation.

Further resea¡ch io needed and will be conducted in

this area. A prototype of the basic package for the

GIS model will be implemented, uaing data st¡uctures

described in this document. Finally, the GIS model

should be tested in a non-trivial GIS application'
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