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ABSTRACT

Much of the existing work in the area of Geographic Informa-
tion Systems (GIS) treats spatial objecis, e.g. points, lines, and
regions, as the primary entities of interest. In that approach,
descriptive information is associated directly with each of these
objects, and location is seen as being merely one of these data
items. This paper explores the feasibility of implementing an
alternative design which uses Location Data Sets and Location
Predicates as the basic entities managed by a Location Data
Management System (LDMS). A major advantage of the proposed
approach is its suitability for automatic enforcement of data con-
sistency across multi-scale geographic entities.

The central idea of the Location Data Set approach is that
spatial data should be directly associated with locations rather
than named regions or points. The relationships between geo-
graphic entities and data values may then be derived through the
intermediate relationship of shared location. It is envisioned that
cach type of data which is distributive in nature would be stored in
a separate set. Data values associated with conventional points,
lines, and regions would then be merely restrictions on these glo-
bal data sets. This is similar to the way in which the external
views of a database represent a subsetting of the global data.

The paper includes a survey of fifteen selected GIS implemen-
tations and existing work relevant to identified implementation obs-
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Strategies for Associating Data and Location in a Geographic

Information System

1. Introduction

The capabilities of geographic data processing systems have been been
greatly expanded in recent years. In analogy with Management Information Sys-
tems, these enhanced spatial data management systems have become generally
known as Geographic Information Systems (GISs). The fields of computer sci-
ence that are most relevant to GIS design are computer graphics, image process-
ing and pattern recognition, data structures, and database design.32

In general, any information which may be interpreted, manipulated, or refer-
enced in a spatial context is a candidate for a geographic information system. The
software trend has been toward greater user orientation and generality with
increased interactive graphics capabilities. Early data input methods, which fre-
quently involved manual encoding of data point by point, or hand measurement
of feature coordinates, have given way to electromechanical and electronic digitiz-
ers and scanners. 9

This paper will survey the more conventional approaches to GIS design and
propose an alternative approach suitable for a wide range of geographically-
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oriented applications. This alternative software design, while incorporating or
extending features of some existing systems, differs considerably in its strategy
for associating spatial data and location. While an actual implementation would
need to overcome a number of major obstacles, a review of related work shows
that none of these are insurmountable. The paper concludes with the outline of a
workable initial implementation and a discussion of possible future extensions.

2. Intended Application Area

The type of geographic information system proposed here does not fit con-
veniently into any of the major subclassifications of such systems. It does, how-
ever, seck to incorporate many of the desirable features of existing geographic
information systems as well as some features of conventional database manage-
ment systems. Where it most differs is in the area of data integrity constraints. A
primary goal is to develop the means of enforcing spatial data consistency and
semantic constraints, an area not well developed in most existing systems. Addi-
tionally, it will be capable of managing data relevant to any region of the world
without intrinsic limitations of scale or resolution. The result might best be
described as a generalized and integrated locational data filing, manipulation, and
retrieval facility combined with interactive graphic display features. In the
interest of brevity, it will be hereafter referred to as a Location Data Manage-
ment System (LDMS).

While LDMS will be capable of managing alphanumeric data, manipulation
of such data would be limited to operations defined in a spatial context. The sys-

tem is not intended to replace a full-featured conventional database, but rather to
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function as an independent or cooperating system for the management of geo-
graphic data.

Data output will be primarily in the form of maps, with emphasis on an
interactive graphics format rather than the conventional printed product. The
user will be able to define geographic entities of interest and then request display
of one or more of them by name. The system will select an appropriate scale to
display requested entities within the context of their surrounding region. The
user may then directly determine any relationships of interest, or indicate specific
positions on the screen and pose queries in terms of these.

LDMS will include many of the features of land use analysis and planning
systems. Indeed, one of its main goals is to maintain the integrity and consistency
of the types of data managed by such systems. Some specific potential application
possibilities for the proposed system include the following:

Scale-independens file system. Travel agencies, news organizations, and

intelligence-gathering bureaus would be potential users here. Reports dealing

with geographic locations could be maintained in an independent text storage
and retrieval system. References to those reports would then be entered into

LDMS at the highest applicable resolution level. The references could take

the form of file names (conventional or computer), publication name and

issue, internal report numbers, or pointers into a cooperating system (e.g.

videodisc track numbers). A tourist, for example, could interactively identify

his route of travel to select information on enroute attractions.
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Regional planning and resource managemens. The scale independence and data
consistency enforcement features of the system are designed specifically with
such uses in mind. They ensure that data may be entered and retrieved at
anyyuoluﬁonl:vcl.

Marketing and site location analysis. Data relevant to such matters could be
maintained by LDMS. Selection criteria would then be applied to the data to
produce an output display of locations satisfying those criteria. The user
could declare the resulting locations as newly-defined geographic entities,
and exploit the interactive features of the system to perform further analysis
on them.

3. The Conventional Appreach

There are some valid differences of opinion as to what constitutes a GIS.
One of the major problems in the field is that it includes a variety of supporting
disciplines and many of these use different jargon and assumptions.>2 Thus, the
nature of the data handled, and the types of logical operations which may be per-
formed on it, vary greatly from one GIS to the next. In general, however, stored
data can be viewed as being either pictorial, descriptive, or semantic. Most
present systems are application-specific and therefore tend to focus on operations
involving only one or two of these information types.

Manipulation of pictorial data involves storage and retrieval of visual display

information, without regard to its meaning; the system views it as merely a struc-
tured collection of graphics patterns. Cartographic systems typically support
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highly specialized operations on pictorial data.
Descriptive information is the type of information managed by conventional
DBMS’s. This includes attributes and those selectzd relationships which have been

explicitly stored by the user. For example, 1944 rainfall in Los Angeles or that
city’s distance from each world capital. One¢: could even go so far as to explicitly
store whole hicrarchies of geographic subdivisions by name, but that would not by
itself produce a true GIS.?

Semantic information refers to relationships and associations which have not
been separately enumerated and stored, but which follow from the spatial charac-
teristics of stored geographic entities. Distances between geographical entities and
containment of one entity by another fall in this category. Operations upon data
semantics are typically implemented as limited sets of pre-defined functions and
are frequently application specific.

An alternative classification scheme is to divide the previous three inforraa-
tion types into geometric and non-geometric attributes classes. That analysis con-
siders location and shape to be geometric attributes and non-geometric attributes
to be either nominal (category-defining), scalar, or some combination of these;
“River”, clevation, and "population density” are respective cxamples.29:25

While application program independence from physical data structuring con-
siderations is well developed for conventional DBMSs, that is not the case with
geographic applications. 29 In part, this is because manipulation of spatial data
poses problems that conventional DBMSs need not address. Many of these are
due to the fact that manipulations of spatial data frequently result in values for
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Hote the impact of the temporal dimension upon data volume,

Geographic informati.n systems designed to manaze remote-sensed
data are especially affected.
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| sommonly Used in Geozraphic Informatisn Jystems”
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relationships rather than entity names or attribute values. 34

3.1. General Design Philosophy

Systems differ greatly in their ability to handle both semantic and pictorial
aspects of geographic data. Many are rigid and do not allow the user to add
needed functions or data categories not foreseen by the system designer. WRIS,
ODYSSEY, and KANDIDATS, for example, must rewrite the entire data base to
add an image.5 Not all were even originally conceived and designed specifically as
geographic information systems; AGS, GADS, GEO-QUEL, and IMAID were
cither defined as conventional database management systems or designed as

extensions to them.

Underlying design philosophies generally follow one of two patterns:

1. Creation of an application-specific GIS from the ground up, perhaps taking
advantage of certain commercially available statistical or report generation
packages. ManyofthaesystemconmtofonlyahandﬁdofFORTRAN
programs.?’ A common practice is to use a minicomputer to perform data
entry and pre-processing, and a larger mainframe to provide data manipula-
tion.

2. Superposition of a more general-purpose GIS upon an underlying conven-
tional DBMS. The fit between the two often appears forced due to the inabil-
ity of the underlying DBMS to cfficiently deal with the nature and quantity
of spatial data.

As regards access structure design, three major trends exist:

1. Separate the total area into regions based on their location in a reference
coordinate system. Individual records or attribute data are clustered with
cach region.

2. Group the attribute data and spatial entities separately and provide indices or
other means for associating the two. Pictorial and attribute data may be
resident on different types of storage media, supported by special-purpose
hardware to perform data selection on each.

3. Treat all spatial objects as wholly independent entities, perhaps grouping
thcmonthebasnofwmcsharedcharwcnsnc.mnmtheapproachadopwd
by several systems implemented as extensions to conventional DBMSs.

Pis'e




T et B A e & s

Sl e S i i e bl

Examples of Existing Geographic Information
and Cartographic Systems

CGIS
GADS
GEO-QUEL
IBIS

IMAID

KANDIDATS
ODYSSEY,
POLYVRT
PICDMS

REDI (QPE)

STANDARD

WRIS

Source:

adapted from Chock,

DEFINITION

Amoco Graphics
System

Bay Area Spatial
Information System

Canada Geographical
Information System

Geo-Data Analysis and
Display System

Geographical Extension
of QUEL (INGRES)

Image~Based
Information System

Integrated Image
Analysis and Image
Database Mgmnt Sys

Kansas Digital Image
Data System

Pictorial Database
Management System

Relational Database
System for Images

Storage and Access of
Network Data for Rivers
and Drainage Basins

Synagraphic Mapping
System

Wildlife Resource
Information System

Association of Bay
Area Governments

Dept. of the Environment,
Canada

IBM

University of California,
Berkeley

Purdue University

Jet Propulsion
Laboratories

University of Kansas
Harvard University
University of California,
Los Angeles

Purdue University

University of
Nebraska

Northwestern
Technological Institute

US Forest Service

"Manipulating Data Structures

in Pictorial Information Systems
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The geographic information itsclf may be organized on auxiliary storage
cither as a databank or as a database. Databanks serve merely as repositories of
information and offer simplicity, often at the cost of inflexibility. Complex opera-
tions are typically not supported and it is common to store data as a collection of
sequential files, cach of which contains the total data for a large region. A true
database, on the other hand, is integration orieated and stores data on inter-
entity relationships as well as the entities themselves.?

3.2. Structural Data Models

Although geographic information systems use only two major types of inter-
nal data organization, they go by a variety of names. We will generally refer to
these two structural catcgories as fopological and grid. Most systems elect to
implement one or the other but not both.

Topological systems take advantage of the convenient division of geographical
entities into point, line, and region types. The terms vector, linked, or polygon
format are also often used. In most cases, point entities are specified directly as
coordinate pairs, with lines represented as chains of points. Regions are similarly
defined in terms of the lines which form their boundaries. GEO-QUEL and
IMAID, for example, store information in the form of points, line segments, and
point pairs; GADS, WRIS, STANDARD, and CGIS maintain closed lists of
points defining polygon regions. Some systems which use this approach store
location and descriptive information separately and connect the two through cla-

borate pointer structures.?

Perhaps the greatest advantage of the topological format is that it is highly

e A S e st g e e S SR e i R




2 APPROACHES TO GEO-CODING
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storage efficient. This advantage may be further increased through the use of
suitable compression techniques. Chain encoding, for example, represents cach
unit increment of the coordinate point string by a single digit denoting its direc-
tion. Delta encoding approximates curves by converting them to a series of
straight line segments whose length varies according to the local radius of curva-
ture. 29 Topological structures are especially suitable for storing spatial objects for
which sharp boundaries exist or can be imposed, such as political and legal subdi-
visions. Another advantage lics in the ability to directly apply many graph pro-
cessing algorithms to data stored in this form. These advantages are responsible
for making topological polygons by far the most common data structure used by
pictorial systems.3

Unfortunately, the topological format also possesses several offsetting disad-
vantages. First, much of the data being collected today by remote sensing and
other advanced technologies is in grid format.33 Secondly, software is generally
more complex than that based on the grid model, especially as regards data edit-
ing and update. Topological representations are a particularly poor choice for per-
forming sct algebra and distance-related operations. 29

The grid approach superimposes a rectangular grid over the area of interest
and associates each grid cell with one or more data records. For this reason, it is
also sometimes known as cellular format. The values associated with each grid
cell may represent either pixel intensity or any scalar or nominal data value asso-
ciated with the cell coordinates. In general, the number and types of data fields
are fixed, although some may be reserved for work space or planned expansions.
Grid systems may be further subdivided into three types:

.............................
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Raster image systems, in which each record is stored as a row of pixels.

2. Matrix systems, which represent pixel values by clements in a large two-
dimensional array.

3. Flat file systems, which maintain a file record for each cell.3

One of the strengths of the grid method is its ability to represent transition
information. Whereas topological structures define objects in terms of their boun-
daries, a high-resolution grid can assign one of a range of values to each cell in a
transition area.

A drawback common to many grid systems is that a maximum resolution
limit is fixed a priori by the software design. They also tend to be relatively
storage intensive, and this imposes practical limits on the area of coverage, the
resolution, or both of these. Major systems based on the grid model are limited
to BASIS, IBIS, KANDIDATS, PICDMS, SYMAP, NORMAP, and Stanford
Research Institute’s HAWKEYE. 5

3.3. Major Application Categories

Despite the breadth of potential application areas for geographic information
systems, most existing ones have concentrated on one of two major areas:
computer-assisted cartography and land use planning. The influence of these two
disciplines on GIS development is not, however, universally regarded as a positive
force. One recognized authority has charged that the three major supporting
disciplines--geodesy and photogrammetry, computer science, and geography--
failed to recognize their opportunity for leadership in the GIS field. Conse-
quently, it fell by default to those disciplincs least able to develop the necessary
theoretical and quantitative underpinnings. Cartographers are especially faulted '
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for copying the manual process too directly to the new medium.32 Nevertheless,
cartography and land use planning still constitute the predominant target applica-
tion areas today and an understanding of their unique requirements and features
is helpful.

Cartographic Systems

Automated cartography systems are primarily directed toward reducing the
amount of manual labor required to produce conventional maps and charts. A
collateral benefit is a reduction in the time delay between changes in the physical
region and their reflection in the corresponding map products. In addition, data
may be collected for only the lowest resolution level and aggregated to produce
maps at a variety of scales. Typically, cartographic systems are implemented more
in the form of a databank than of a full-powered database.

These systems often include a rich set of application-specific functions with
which to manipulate, select, and depict features. At the same time, relationship
information may be very limited. Many cartographic systems directly support only
the "member of map” relationship for features stored in the database. In part,
this is because the overwhelming majority of cartographic systems use the topo-
logical representation. That form does not easily support comparisons between
geographic entities on the basis of location. It is entirely possible that the loca-
tions of two adjoining counties, for example, will be separately stored with the
other information relating to those counties. Because cach represents an indepen-

dent entity, the system may very well not even recognize their proximity relation-
ship. Such semantic information is left to the end user to extract visually from the

e S A RO AL I A - T i T e U il i - T S, R g J ""'""'-'-""'t'-"-"‘.'.‘;'.'.'.'-'. \.‘ AR Ereeta TR
R e S S O A RO R N A A TR P NN N YRS OR) A e e e et T ot e Nt
AT LR AR AL PN P A AL S S AP A SR AR q_'.:f}h o5 .:'-;.c";;..‘;'.‘.r;z_i .r ETND




-11-

resultant maps.

Cartographic GIS applications generally deal with regions of relatively large
extent. Statewide systems have been common for several years, and the same is
becoming true today for systems of national and multi-national extent. Highly
efficient methods of storage, manipulation, and retrieval are therefore essential.
Well known cartographic systems include CGIS and KANDIDATS.

Land Use Planning

Geographic information systems to support land use applications stress mani-
pulations involving descriptive and semantic data. Identification of spatial entitics
on the basis of their attribute values is very important in resource management,
interpretation of demographic data, and urban planning. Data manipulations fre-
quently involve relationships between named entities. Adjacency, distance, or
containment criteria, for example, may be a basis for selection.

Many present land use systems are much like automated catalogs of geo-
graphic features, region characteristics, or surface attributes. Data is both col-
lected and filed according to pre-defined regions. Such regions typically
correspond to political or administrative regions, but geo-coordinate and arbitrary
grids have also been used. Data retrieval usually requires the user to specify the
pre-defined regions corresponding to the area of interest. Determination of the
characteristics of arbitrary regions-- population and crop production figures, for
example-- will almost certainly require special programming.

Maintaining the logical consistency of stored data is also a problem which is
frequently solved by special programming. Each time a city’s population is

X "-."::':\\- "}'r‘.\.'4";\":.\":»:‘:;:'."‘ )

53

N3




D el ¥ et U TN N LY o e e P ® e P in P’ Y meb.e? 8 atans e te e thetee s e R A Y Y S Y T T T T s T YR TR TR G TR A T TR TIN T R L e

‘12-

updated, for example, a special program may be invoked to update the appropri-
ate county and state records as well. Alternatively, population figures for the
higher-level regions might not be explicitly stored, but instead repetitively com-
puted each time they are required.

Land Information Systems (LISs) are an important subcategory of automated
land use planning systems. A LIS maintains information on land characteristics
which are relcvant to legal actions, administration and economy, planning, and
development. They are distinguished from conventional business-oriented DBMSs
in that the data is related to real-world space. Information is stored and retrieved
based on the location of political or cultural objects. The primary use of such sys-
tems is to retricve maps interactively to display specified features and their sur-
roundings. Frequently, the surroundings are of equal importance with the objects
themselves. A typical LIS might, for example, contain information concerning a

single town or district and include any of the following data:

1. Street names, postal-addresses of houses and their shape, position and use.

2. Boundaries, owner and use of land plots.

3. Position and attributes of pipes and electric lines.

4, Ineati&n coordinates of monuments, public buildings, and institutional struc-
tures.

BASIS is a well-known urban land use planning system; WRIS is a good

example of a system designed specifically for resource management.
4. A Location Data Set Approach

4.1. Rationale

The mechanism by which attributes, location, and entities are associated is a

fundamental design issue. Attributes may be cither attached to specific locations
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or to specific spatial entities, or some combination of the two may be used. This
choice will impact the types of operations which the system can perform.

The central idea of the Location Data Set (LDS) approach is that spatial data
should be directly associated with locations rather than named regions or points.
While this philosophy appears at first to run counter to conventional database
design methods, on closer look it can be seen as an extension of the basic DBMS
concepts of integration and controlled redundancy. Furthermore, it represents a
more accurate model of the real world and thereby eliminates some artificial func-
tional dependencies which complicate the database design problem.

The LDS approach recognizes that regions and points do not directly possess
the characteristics of the locations over which they are defined. Rather they
represent a view of the ecarth’s characteristics over some subextent of its area,
essentially a restriction on the global data. This is similar to the way in which the
external views of a database represent a subsetting of the total data in the data-
base.

There must be a distinction made between data associated with the view
itself and data which exists totally independent of the view. Consider the case
where a major city and its containing county merge to form a single political unit.
The extent of the new city-county corresponds to a change in the view definition,
whereas the population of the metropolitan area corresponds to base data and is
unaffected. The population of the new unit represents an application of the
updated view to the underlying population distribution. On the other hand, the

name of the city manager and sales tax rates represent data which is truly func-
tionally dependent on the geographic entity.
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The LDS approach mirrors this reality by treating geographic entities as view
definitions to be applied to various global data sets during data manipulations.
These view definitions are referred to as Location Predicates (LPs). The term is
intended to convey the meaning that the method by which a specific location, or
set of locations, is specified should be irrelevant to the manner in which subse-
quent processing is performed. Thus, a location predicate may as ecasily
correspond to a named region as to the results of a series of complicated selection
operations relative to spatially distributed phenomena. The individual global data
sets, one for each type of spatial data managed by a particular LDMS installation,
are known as Location Data Sets.

Just as adding or climinating view definitions does not affect an underlying
database, so it is with geographic entities. In effect, each LDS is a single item
database of global scope, against which the location predicates are applied. Any
data representing phenomena that would continue to exist even if one or more
defined spatial entities did not, is a candidate for representation as an LDS.
Examples include population characteristics, vegetation types, mineral deposits,
landforms, and a host of others. By storing such data in LDS form, the uncon-
trolled redundancy that would result from storing it with each separate geographic
entity can be climinated.

This perspective represents a degree of logical separation between geographic
entities and their associated data which has been only occasionally hinted at in the
past. Nagy and Wagle, for example, suggest that data organization may be
improved if geometric and non-geometric data are separated, with the entity
name serving as the link between the two. They point out that !

...............
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The distinction between geometric and value-related operations is a matter of
the degree to which the respective attributes are used...it is useful to distin-
guish operations on data where there are no distinct entities and therefore no
underlying geometry. In this case the geometry is induced by the values of a
surface variable of the type v=f{x,y) at every point in the arca. When the
values for v are nominal, this geometry takes the form of a partitioning of the
area into regions of various types. 29
Under this arrangement, the geometric data would be stored in a databank and
the remaining data managed by a conventional DBMS. They do not extend the
idea to the point of treating location data and the location of regions indepen-
dently. Rather, they view region designations as simply a class of data values that
may be assigned to grid cells or polygons.

The LDS approach adopts and extends this concept of cooperative manage-
ment of data. Not only geometric data, but all data involving spatial relationships
and distributions is removed to and managed by a separate GIS. Data which is
truly functionally dependent on named geographic entities, such as the previously
cited city manager example, would still be managed by the cooperating conven-
tional DBMS. The idea of linkage through nominal identifiers is also extended by
adding the notion of location predicates.

4.2. Design Strategy

LDMS stores a location predicate for every geographic entity explicitly
declared to it; an entity’s name and location predicate may be considered to be
equivalent. Any location or set of locations may also be specified in terms of
their properties, with the system calculating the corresponding location predicates.
The user may, if desired, assign a name to the entity thus defined and subse-

quently reference it by that name.
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The design of LDMS eliminates the need for special-purpose programming to
maintain consistency across multiple resolution levels. This is accomplished by
applying updates directly to their corresponding locations, rather than to any
specific geographic entity. In this way, all entities which share the affected loca-
tions will inherit the updated information. This inheritance property applics even
to geographic entities unknown to the system at the time of update but which
might be de. ned at some subsequent point in time.

LDMS extends the concept of data independence for spatial data beyond that
provided by most conventional database management systems. The definitions of
data update entities and data retrieval entities are decoupled to provide scale
independence. This means that the level of resolution at which data is inserted
into the database is totally independent of the leve! at which it may be retrieved
and manipulated. Indeed, a given installation may perform both update and query
at multiple scales, ranging from the global level down to a resolution limited only

by system resources.

4.3. Potential Advantages
The primary advantage of the LDS approach is its potential for enhanced
data consistency. It is worth noting that the desire to eliminate redundancy, and

its inevitable accompanying data inconsistencics, was a major impetus for the
development of database technology. The problem is particularly severe when
spatial data and shifting region boundaries are involved. Even in a well-
organized, hierarchical region decomposition (¢.g. nation, state, county, city)
there should be consistency between corresponding data values at the various lev-
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els. Where different types and multiple hierarchies of administrative cr legal dis-
tricts are involved, there may be additional problems cgusedbyirregﬂar decom-
position, non-included regions, and areas corresponding to multiple intersections.

Another advantage of the LDS approach is its ability to quickly reflect drastic
changes in region definitions while retaining access to the underlying data without
conversion, update, or reprocessing. Consider the implications if, for example,
boundaries of local governments undergo a major restructuring as they did in
Great Britain in the mid 1970’s. 35 In LDMS, all that need be done would be to
add location definitions for the new administrative units, while still retaining the
old ones. This would facilitate comparisons between districts of cither type.

The capability to reference regions, features, and points by name, category,
or characteristics-- as well as by coordinate location-- is often important. LDMS
features in this area contribute greatly to the quality of the user interface. As an
example of the flexibility inherent in the LDS approach, consider two alternative
methods for determining the population of Dallas:

1. Direct query, such as "LIST population OF dallas”. This method could be
used if Dallas had been previously defined to LDMS.

2. Interactive identification, The user requests tliz system to "SHOW texas” or
any other previously defined region known to include Dallas. Using the
interactive graphics interface, the user indicates the city’s location and
queries the system for the population of the designated region.

5. Obstacles to Impiementation

Any actual implementation of an LDMS prototype must overcome certain

significant obstacles. Solutions to many of these are complicated by the LDS
approach but are not unique to it. Those that fall into this category would need
to be considered when designing any general-purpose GIS; they include global




ot N TR AR T R T TR S TR, Vi Tw v SR Ut O h Sl ik

-18 -

extent, resolution, data volume, and access efficiency issues. Among those obsta-
cles that follow more directly from the LDS approach, the identification of seman-
tic data classes and the development of mechanisms for dealing with them stand

out as perhaps the most challenging.

5.1. Global Extent

The extent of a GIS refers to the area which it covers. A general purpose
system should be of global extent. That is, it should be capable of dealing with
spatial entities located anywhere in the world. Furthermore, it must take into
account that these entities may themselves extend over very large areas. Within
the global reference framework, however, the system must also be able to focus
on relatively small features: pvint phenomena of various types, cities, and small-
scale legal or administrative divisions. This conflict is analogous to the problem
of determining the proper balance between range and precision in numeric
representation, and it complicates the design of a suitable reference strategy.
This is in addition to user interface considerations of converting location coordi-
nates between their internal logical form and that of the user.

While the use of spherical coordinates (latitude and longitude) might be
preferable from an internal processing standpoint, that choice may complicate
input/output operations. Conversely, a rectilinear grid reference yields cells of
constant area and provides very simple location encoding. One option here is to
place the origin outside the extent, so that all position encodings will be positive
integers and distance calculations are simplified. If significant error is to be

avoided, however, even large states must be subdivided and separate projections
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imposed on each resulting area.?9 The problem is compounded for a globel sys-
tem because it will likely combine data from a multitude of sources, gathered
relative to an equally diverse selection of coordinate systems. This data will need
to be converted, either during initial input or on an as-required basis during pro-
cessing. Some of these conversions, such as those between range or township and
their corresponding latitude and longitude, can be quite complex.

Anocther complication in systems of large extent is that the curvature of the
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carth must be considered when interpreting positional relationships and distances.
The desire for compact internal location encoding formats may therefore conflict
with the need to store information in a form amenable to such calculations. The
carth’s curvature complicates input and output operations as well. This curvature
inevitably introduces distortions when its features are transferred to a flat sur-
face, a process known as projection. In particular, it is geometrically impossible to
simultaneously preserve relative distances, angles, and arcas. Moreover, the sig-
nificance of these errors increases with the size of the area depicted. Various
types of projections obtain a higher degree of fidelity in some of these mutually
incompatible properties, but only at the expense of increasing errors in others.
Such considerations do not arise in systems of small extent which may safely
ignore the curvature of the earth.

5.2. Resolution

A true GIS must provide for graphic display of output at various resolutions,
which normally involves some degree of aggregation of the data from its stored
form. This issue must be addressed from both the usage and time-space tradeoff
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perspectives. A multiple resolution capability also complicates the design of the
user interface.

From the usage standpoint, the system must store data at the lowest level at
which it may be potentially manipulated. While information at higher aggregate
levels, say the population of the United States, can be derived from data stored at
a higher resolution, say the population of each state, it is not possible to reverse
the process. Higher resolution, however, usually comes at the cost of increased
storage requirements.

In addition to the direct storage required to provide the required resolution,
the processing time to derive aggregate data values must be considered.Z This
may involve the selection, storage, and placement of labels and features and
therefore become quite complicated. Aspects of this problem include variable
typesize, avoidance of over-writing significant features, and placement of muitiple
labels in subdivided regions.? Alternatively, processing time may be reduced by
explicitly storing data at several different resolution levels.

When display scale and therefore resolution ranges over a wide range, estab-
lishing the user’s context and reference neighborhood may become difficult. For
example, the user may point to the same location at different times to indicate
geographic entities of different types or scales.l2 Another problem that arises is
that of distinguishing between multiple definitions of the same entity. This situa-
tion may occur when a previously-declared entity is entered again from other
source data, or at a different resolution or precision. In practice, determining

when two similarly-defined entities are in fact one and the same is usually carried
out on the basis of a variance threshold test.2% Selection of a suitable threshold
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value becomes difficult when the geographic entities managed by the system range
in size from point-source to regional and beyond.

Also in the area of user interface, the system must be capable of adjusting
the output display scale over a wide range, and it should do so without requiring
a lengthy or cumbersome dialog. A straight-forward solution is simply to expand
the depiction of the requested region to fill the available display area. However,
there is still the need to determine how much of the surrounding arca should be
included to provide a sufficient reference neighborhood. Furthermore, there is
reason to believe that map images are more casily interpreted by viewers when
they are displayed at standard scales, rather than the arbitrary ones produced by
expanding the target region to the size of the screen.12

5.3. Data Volume

To put the data volume problem into perspective, consider that the land area
of the ecarth is approximately 10**14 square meters. To represent the single vari-
able of eclevation at that resolution would consequently require 1.6 X 10**6 stan-
dard magnetic tapes. Although it is not yet technically possible to perform mass
collection of data at this resolution level, that time is rapidly approaching. The
Multispectral Scanner (MSS) of LANDSAT currently samples at 56 meter inter-
vals, and the next generation of LANDSAT is expected to have resolutions of 30

square meters. 35

5.4. Accems Efficiency

Access efficiency encompasses several related issues. The types of data being
managed, the stability of the database, and the required degree of support for
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processing and display efficiency are all relevant considerations.

It is almost certain that the information density associated with some regions
will be much greater than that of others. One would expect, for example, that
more distinct types of data might be collected for land than for marine areas. It
may also be the case that data collection constraints will result in more detailed or
reliable data for some regions than others. The types of demographic data con-
tained in the census reports of industrialized nations, for example, is simply not
available for most third world countries. Furthermore, global extent implies the
management of a potentially diverse range of data types, many of which will
apply to or be collected for only limited regions.

A global system must be able to efficiently deal with this wide range of data
density. It must allow sufficient capacity for high data density areas without pre-
allocating, and thereby wasting, storage for similar data in areas to which it does
not apply. This virtually requires some form of dynamic data definition and
storage allocation scheme.

Support for processing efficiency must pay particular attention to data
updates, as these are usually the most complex and error prone operations. Usu-
ally, processing costs can be reduced if the system is able to use problem-specific
information and case occurrence statistics. Relevant information might include
the spatial density of entities, number of entity types, data source and output pro-
duct formats, volume of information, and geometric type of the entities.?® Such
information can also be used to cluster related data on secondary storage to

improve access efficiency. Unfortunately, few assumptions can be made in these
areas when the system is intended to bz both global and general.
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Because interactive graphics are an important part of the user interface,
display efficiency considerations cannot be overlooked. The simple raster image
approach suffers from serious storage inefficiencies. Therefore, a more com-
monly used technique is to represent each area by a list of polygon vertex coordi-
nates, transform each coordinate to the desired scale, and then fill the refresh
memory image values within the polygon under software control. This approach,
however, is not optimum for interactive image displays. Digital image refresh
memories are designed to drive TV rasters and are generally most efficiently
accessed line-by-line. The polygon operation requires frequent random
accesses to partial lines in order to build the display image. 7

5.5. Semantic Constraints

A major complication is introduced by the diverse types of data which can be
associated with location. This affects the manner in which data values are pro-
pagated from one resolution level to the next as well as the types of manipulation
operations which may be appropriate. For these reasons, it is convenient to
group data suitable for organization as location data sets into semantic data
classes. That term is intended to convey the dependence of suitable data manipu-
lation operations upon the nature of the real-world phenomena which that data
represents.

The real world is infinitely more complex than even the most sophisticated
models which might be developed to represent it. Therefore, it would be futile to
attempt to enumerate all possible semantic data classes and their associated

integrity constraints. Fortunately, there should be no ;naciscal need to do so. In
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most ficlds of human endeavor, a small fraction of the total items represent the
overwhelming preponderance of the workload, an observation formalized in the
so-called 80/20 universal maxim. Therefore, it is reasonable to assume that a sys-
tem capable of dealing with the most common semantic data classes will be able
to handle most real-world data.

While this assumption reduces the scope of the problem considerably, it does
not eliminate it entirely. Major semantic data classes must still be identified,
along with their accompanying integrity constraints. The design of data structures
to support these diverse semantic data classes and the operations appropriate to
them represents a considerable challenge. There is an inherent conflict between
the desire to devise data structures and logical operations common to all semantic
data classes, and the need to enforce dissimilar integrity constraints.

The issue is further complicated by difficultics in determining the user’s
intent when alternative semantically valid interpretations are possible. When
inserting the population value for a given city, for ezample, should the effect be
to also increment a previously-entered state population figure, or should it be held
constant? Similarly, what action is appropriate when population values have been
entered for all counties in a stat?, and the state population is later updated from a
more recent data source? Should the previous county values be invalidated?
Clearly, the answers to such questions depend on the nature and quality of the
input data as well as the user’s intent; all of these are, unfortunately, difficult for
a machine to divine.

In addition to problems associated with the meaning of the data, there are
similar problems involving the meaning of the geographic eatities themselves. In
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particular, two problems must be considered when managing time-series data:
noncomparable geographic units and incompatibility of the cartographic and sub-
stantive databases.

The first situation frequently arises when the geographic units for which data
were collected have changed. This problem of region redefinition is not limited
to developing countries or infrequent changes in census units. A case in point:
Although state and county boundaries have remained stable over a long period,
the same is not true of smaller units. A U.S. Census Bureau survey of over five
thousand incorporated areas showed that 56% of these underwent at least one
boundary change in the 1970-74 time period.2# Such changes can produce differ-
ences in data aggregation petterns which create the appearance of population
shifts where in fact none exist.

The related problem of incompatibility occurs when valid data values are not
available due to changes in the types of units, or a redefinition of the same units.
This problem could arise, for example, when attempting to interpret historical
data displayed over more modern base maps.

6. Existing Work With Application to Identified Obstacles

While the obstacles to implementation of LDMS are formidable, a consider-

able body of existing work can be applied to their solution. Much of this is
specifically in the fields of GIS and DBMS design. However, the related areas of
data structures, image processing, and computer graphics also make significant

contributions.
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6.1. Data Matrices

Two-dimensional arrays are the obvious choice for structuring data in grid-
based systems. Their regular structure facilitates data manipulations involving the
regions to which they correspond. Some of the variations on this theme have
been termed data matrices, grid variables, and frames; distinctions between these
are not always clear due to inconsistent use of the terms.

Matrices store the values of variables at a sclected matrix of points in an
arca. One of the great advantages of matrix formats and their derivatives is the
case with which existing variables may be operated on to generate new derived
variables. This is especially useful for overlay or composite analysis of two or
more variables at a single location. Sophisticated overlay models may establish
weighting factors for each of the participating variables. This method is com-
monly used to perform multivariate analysis of swface variables, especially the
land use and land cover subclasses.1® One might, for example, select all cells for
locations corresponding to

(predominant_vegetation = conifer)

AND (elevation > 2000)
AND (elevation < 3000).

When the source data is collected over a range of different resolutions or is
derived from irregularly-spaced observations, values for some grid cells must be
estimated. This use of interpolation to compute discrete matrix values from con-
tinuous scalar-valued variables is called gridding. The two most popular methods
of gridding are the weighted average method and the trend sirface method.

The weighted average method sets the matrix value to the average for its
immediate surroundings. This typically involves sampling those surroundings at a

--------
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higher resolution and weighting the value of each sample point according to its
distance from the matrix point. The inverse square law serves as the defauit
weighting option. 15

The trend surface method involves two steps. First, a two-dimensional poly-
pomial is computed to provide a least-squares fit to the sampled data points. This
polynomial is then evaluated for each point in the grid to produce the values of
the mapped variable at those points.

One variation of data matrices represents each region by multiple frames,
one frame for each type of data maintained on that region.4 Each individual
frame may be thought of as one clement in a stack of frames referencing the
same region.

On the negative side, the multiple-variable grid cell structures used in virtu-
ally all grid-based systems (PICDMS is the only known exception) are often rigid.
New types of data cannot be added for any region unless space is reserved for
that purpose in advance. Not only does this waste storage until the fields are
needed, but ultimate system expansion is limited by the number of preallocated
blank fields. A further drawback is that new attributes must conform in type,
length, and often name, to these predefined fields. 5 Matrix structures also have
shortcomings when applied to the production of contour or isopleth maps. These
arise because data values are stored for uniform increments of the independent
variables but are displayed as uniform increments of the dependent variable. As
mentioned previously, cell structures are also quite storage intensive. In selecting
an appropriate grid resolution for output display, the general rule is that a grid

size one half that of the smallest feature is required to retain the detail of the
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6.2. B-Trees

Most of the tree-like data structures implemented or proposcd for geographi-
cal information systems are derived from B-trees, themselves a generalization of
binary search trees.5 The attraction of B-trees is that they remain balanced while
acquiring and releasing storage dynamically. Storage efficiency of at least 50 per-
cent is guaranteed, and this may be increased substantiaily through certain optim-
ization measures.

The cost of a random access in a B-tree is proportional to the height of the
tree, itself a function of the fanout factor. Therefore, access speed can be
improved by packing more entries per node. Lomet has proposed a structure,
called digital B-trees, which provides some of the speed advantages of hashed
access with the sequential ordering of B-trees.Z3 The method involves doubling
node size (through the use of multiple-page nodes) as an alternative to splitting.
Records are assigned to pages in the nodes in an ordered fashion based on the
binary digits in their keys. This distribution strategy maintains the ordering of
records within nodes, while allowing an immediate determination as to the page
of a node on which a given record resides.

Digital B-Trees appear to be a good choice for organizing records that
represent spatial objects. One technique that has been used to create key vaiues
for such records involves interleaving of the binary digits corresponding to the
object’s coordinates.
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6.3. Quadtrees

Quadtrees are a multidimensional generalization of binary search trees, origi-
nally proposed by Klingerl® and subsequently developed by various other
rescarchers, notably Samet.36,37,38,41,25,39 They are a class of hierarchical data
structures based on the principle of recursive decomposition of space, typically
through the partition of a region into a set of maximal blocks. As is true of tree
structures generally, quadtrees are particularly well suited to performing search
operations efficiently. Traditional region representations such as the boundary
code are very local in application, and make it difficult to avoid fairly exhaustive
scarches for region characteristics. Quadtrees, on the other hand, are more glo-
bal in nature and enable the elimination of large areas from consideration.

Most algorithms suitable for operations on pixel or grid data apply to quad-
trees as well, and its more compact form usually permits faster execution. Set
operations such as union, overlay, and intersection fall in this category. The
hicrarchical structure is well suited to identifying containment relationships.
Quadtree algorithms often require time proportional to the number of blocks
represented, independent of block size.36 Quadtrees can be differentiated on the

following bases:
1. The type of data that they are used to represent

2. The principle guiding the decomposition process
3. The type of resolution (variable or fixed) 39

Seemingly endless variations on the quadtree theme are possible. They have
been used to represent regions, curves, volumes, and collections of point data.
Depending on the implementation and the nature of the data referenced by a
given tree, that data may be:
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A quad tree and the nodes it represents.

Source: 3amet, "Hierarchical Data Structures for
Representing Geographical Information”
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1. Stored only in leaf nodes. This approach is useful for decomposing image
data into partitions while minimizing storage costs.

2. Stored at the lowest resolution in leaf nodes, with aggregate values pro-
pagated upward and stored in ancestor nodes. This method permits fast
pruning of subtrees during searches. It also allows retrieval of approximate
values or reduced-resolution images to be performed at lower cost.

3. Stored in cither an internal or a leaf node. Records representing spatial
objects can be stored at the most appropriate level, perhaps based on the
object’s size or set membership type.

In true quadtrees, cach data node in the tree possesses four subtrees, com-
monly referred to as quadrants or subquadrants. Due to their two-dimeunsional
nature, these provide an efficient structure to reference spatial entities defined in
two dimensional coordinate systems (such as lat-long). Generalizations to more
than two dimensions also exist. Region decomposition need not necessarily be
into equal-size quadrants. Rather, regions and storage can be allocated based on
the quantity of data associated with each quadrant. A variant known as k-d trees
uses this method.

K-D trees are reported to provide improved efficiency in both storage and
retricval, due in part to better balance of the trec. Maintenance of the tree is
somewhat more complicated, however. As a practical matter, some of the poten-
tial improvement in storage efficiency must be sacrificed to simplify deletions
from the tree.25

There are two major approaches to region representation and versions of
quadtrees exist for both of them: those that specify the boundaries of the region
and those which organize its interior. A basic region quadtree successively subdi-
vides an image array into four equal-sized quadrants. The method presumes some
ultimate, fixed final resolution, perhaps at the individual pixel level. The trees are
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composed of leaf and nonleaf nodes. For a binary image, leaf nodes may be
cither BLACK or WHITE, whereas all nonleaf nodes are considered to be
GREY. There are also gray-scale variations in which each leaf node may assume
one of a range of values. In these, the values of nonlcaf nodes are a generaliza-
tion of the values contained by their descendents. 39

One of the problems in implementing quadtrees as actual tree structures is
the amount of storage and processing overhead that form entails. An image con-
sisting of B BLACK nodes and W WHITE nodes, for example, requires storage
for (B + W - 1)/3 internal GRAY nodes. Furthermore, each node requires room
for pointers to its sons. These costs have been reduced somewhat in various

pointerless implementations. 39

6.4. Pyramids

Pyramids have their origins in the field of image processing. They are a close
relative of region quadtrees but differ primarily in that their resolution i fixed.
This produces an exponentially tapering stack of arrays, each of them one quar-
ter of the size of the previous array. In a sense, they are quadtrees that are both
regular and complete, and the two structures share many desirable properties.

Data stored in all except the highest resolution array is essentially redundant;
it could be computed when required by aggregating data at a lower level. Storing

it explicitly, however, may eliminate a considerable amount of repetitive process-
ing during data manipulation. This makes pyramids especially useful for applica-
tions requiring a rapid zoom capability for displayed images.26
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6.5S. Dynamic Stacks

Frames are useful for associating attribute values and locations without the
need to explicitly encode position coordinates with each grid cell value. Instead,
the position of an entire frame of cells is registered; the position of each subarea
can then be derived from the regular matrix structure. For large databascs, use
of frames may still be a problem unless some sort of compression scheme is used
to reduce storage requirements.

While several grid systems have adopted the idea of stacking multiple
frames, PICDMS is unique in that it treats the stack as a dynamic structure. Not
only does this allow new base or derived data categories to be added without a
major restructuring of the database, but it also reduces the wasteful pre-allocation
of storage to regions where a particular type of data may not apply.

While the dynamic stack method of PICDMS offers both expandability and
flexibility, storage costs may still be quite high where large regions are involved.
There is no provision for compression of redundant data values, although exten-
sions to deal with that problem have been proposed. 2! Furthermore, some of
these values may themselves be quite storage intensive. One example would be
landmark labels, such as "Mississippi River” or "Dodger Stadium”, repeated for
possibly thousands of grid cells corresponding to the landmark’s location. To

make matters worse, storage is allocated for each cell of the entire frame, even if
most of these are not destined to hold labels. 5 Thus, dynamic stacked frames
climinate the waste caused by preallocating storage for the entire system extent
(i.c., all regions), but not that produced by preallocntion to entire regions.
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6.6. Compression Techniques

Some form of constant compression for null or redundant values is essential
for large data bases based on a grid or tabular structure. Without it, the conflict-
ing requirements for reasonable data resolution and storage costs cannot be met.
Both location predicates and location data sets are candidates for the use of such
techniques. This will inevitably involve some additional processing overhead to
perform encoding and decoding of compact representations.

A number of compression techniques have been implemented or proposed for
B-trees which also have potential for more general application. Elimination of
common prefix information in a series of clustered values is one example. Encod-
ing, by use of a lookup table or other means, is an option. Pointer compression is
another conventional DBMS technique which is especially useful in virtual
memory systems with large address values. In some cases, explicit pointers may
be eliminated altogether; Samet describes a method to encode and compress
image data by storing it as a pointerless quadtree.38 Other methods of reducing
the storage requirements of quadtree-based structures involve encoding and
compression of the leaf data. Data at the lowest resolution level may be stored as
compact topological codes, or the point sets may be compressed. Hypercube
encoding? is one of several methods proposed to generate compact encodings of
point sets.

Eggers and Shoshani have proposed a compression technique which allows a
high degree of compression but requires only logarithmic access time.!0 Their
method employs a constant suppression scheme which may be iteratively applied
to produce single encodings which represent a range of data values. It is
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especially suited for encoding vector (matrix or array) data in stable databases.
The conversion scheme encodes the location of constants and suppressed values
into a corresponding, but smaller, header vector of counts. Sparse matrices are a
particularly good candidate for suppression with this method. The compression
factor is greatest for vectors in which the compressed values are highly clustered,
as might be expected for geographic applications. Even in the worst case, how-
ever, the method will produce header vectors of the same size as the
uncompressed vector. Because of this characteristic, the file header method is a
good choice for implementing file transposition of a database. This strategy
involves partition of a base attribute file into a set of derived files according to
the attribute values. Each of the derived files can then be encoded. The resulting
benefits are two-fold: storage costs are reduced and objects related by common
attribute values can be more efficiently identified.

Bit map and run-length encoding are alternative methods to achieve storage
compression through constant suppression. The bit map method involves setting
the bits of an array, or bit matrix, to indicate which vector positions are being
suppressed; run-length encoding uses value-count pairs to encode constant values
appearing in series. Both of these generate a greater overhead in access time
than does the header vector method. While the bit map and header vector
methods produce an equal compression of the source data, the bit map headers
may be smaller if the average length of a constant series is greater than sixteen.10

One method in common use for image data is to compress raster structures
in one direction. The resulting set of scan lines retains the ordering of the data
but no longer supports equally efficient traversal in both the X and Y directions.33
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Another technique is known as autoadaptive block coding. It uses the binary digits
to compress a hierarchical image representation. In that scheme,  represents a
block composed solely of WHITE pixels; / represents a GRAY or BLACK block
to be recursively divided into four subblocks. 39

Vector (topological) representations are much more storage efficient than are
equivalent bit matrix representations at the same resolution. Therefore, one possi-
ble form of data compression is to incorporate topological primitives into an
underlying grid structure. The contributions of Guzman, who proposed an adap-
tive data representation approach based on regular decomposition of a region, are
relevant here. His design provided for data to be stored in the leaves of a
hierarchical structure, with the format of the stored data dependent on the types
and frequencies of operations performed on it. There were also provisions for
automatic conversion of the data between vector and grid formats as usage pat-

terns changed.1’

6.7. Format Conversion

Each of the two data formats, topological and grid, is able to represent some
types of spatial objects more compactly than other types. Similarly, each is more
suited to some types of data manipulations than others. The choice of one over
the other can therefore have a major impact on both storage and processing effi-
ciency. The form of the source data is certain to be a major consideration in that
choice. Remotely-sensed and scanner-digitized data, for example, represent an
increasing proportion of total input data and these are received in raster grid

form. Unfortunately, the topological format is usually a better choice from a pro-
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Especially in cartographic systems, it is frequently less expeasive overall to
convert data stored in grid format to topological form for processing, and then
back again to raster form for output display. These operations form an important
group of processing functions and may represent a significant computational over-
head. 3 Other options are possible and, in general, cartographic GIS designers

have responded to the data format and conversion dilemmas in one of three ways:

1. The most common approach is to store data in a raster grid format similar or
identical to that in which it is received. Conversion to topological format is
performed as a preliminary step to analytical or manipulative processing
whenever it is advantageous.

2. A second option is to convert at least part of the input data to topological
format before storing it in the database. This choice is attractive whea no
raster-mode counterpart exists for a known vector-mode algorithm, or if
most manipulations upon a given class of data are vector oriented.
mmnmmﬁphfmwmmdummfammth
image, graphics, and tabular data types.45

3. A third possibility is to store data in & hybrid data structure which posscsses
characteristics of both raster and vector forms. One such structure, dubbed
VASTER, cmﬂdbeetﬁumﬂymnmﬂawdmm;dmmmbuedonatha
of the two primary types without the need for intermediate conversion.33
Raster-encoded polygons are another hydbrid form. These use a modification
of the run-length encoding scheme, widely used for storage compression of
data in raster format. The technique involves the addition of three supple-
mental fields, specifying distances wthcnearumﬁeandmntybmm-

daries, to the encoded definition of each raster line. 7 One of the obvious
limitations of raster-encoded polygons is their lack of generality; the physical
daumuetureformtisinuu'iablyﬁedwtheloﬁalpoliﬁalhierudly
being represented.

Polygon to grid conversion is relatively straight forward, and is routinely handled

by scanners and other mass digitization devices. Grid to polygon coaversion is not
as simple, but has been demonstrated by systems such as POLYGRID.? A GIS
used by the Data Analysis Laboratory of the U.S. Geological Survey possesses a
similar capability. 15
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7. Survey of Existing Systems
Several existing systems possess specific features or design elements which

could be adapted or extended for use by LDMS. This section will briefly survey a
number of such systems, noting design strategies which could be incorporated into
an actual LDMS implementation. The systems chosen are not necessarily the best
or most representative examples of GISs in general, and only those aspects most
relevant to the design of LDMS will be addressed. The reader desiring a more
comprehensive survey of the state of GIS design is referred to the excellent
tutorial by Nagy and Wagle.2%

7.1. BASIS (Bay Area Spatial Information System)

BASIS is a grid-based urban planning system which fixes the number of cells,
the maximum resolution, and the cell record format. It has the capacity to store
80 data items per cell at a resolution of one hectare. Its designers selected the
grid cell structure because the cell coordinates double as an implicit storage struc-
ture. The location of specific hectare data cells on disk is directly computed as a
function of that cell’s location within a one-kilometer square.

Base maps are input using digitizer tables. It is also possible to later change
the resulting values of specific map cells using interactive terminal-based editing
programs. 4 This feature is useful for correcting errors introduced during mass
data input operations, or to update data for a limited area.

7.2. BROWSE

BROWSE is an interactive raster image display facility developed at
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Carnegie-Mellon University as the front-end to an integrated Map Assisted
Photo-interpretation System (MAPS). 26 A multi-resolution image database con-
tains aerial photograph images of a region, and these are organized hierarchically
according to their resolutions. The resulting pyramid structure allows a rapid
zoom capability at the cost of redundantly storing the same image at several reso-
lutions. The BROWSE package is partitioned into four software levels
corresponding to the user interface, supporting subroutines, window management,
and graphics primitives. An interesting feature is the creation of temporary files
by the window package routines for subsequent processing and display regenera-
tion.

7.3. GADS (Geo-Data Analysis and Display System)

Developed by IBM, GADS is a sophisticated and flexible GIS. It is aimed at
supporting unstructured interactive problem solving for urban applications. The
user interface is strongly oriented toward interactive graphics operations.

GADS uses geographical regions, called zones, as objects; it stores their non-
spatial attributes in a DBMS and their boundary coordinates in a separate system.
5 Zones may be defined either as strictly geometric entities such as uniform
squares, or they may correspond to units natural to the application, such as city
blocks or school districts.2?

GADS supports the concept of overlay maps, or superzones. These are
aggregations of previously-defined basic zones. Like the location predicates of
LDMS, their definitions may be stored for later use.3!
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7.4. KNRIS (Kentucky Natural Resources Informetion System)
A 15-minute topographic map series serves as the basic unit of data organiza-
tion for KNRIS.! These are assembled by composing mosaics of 7 1/2-minute

topographic quadrangles. The 15-minute map modules serve three purposes:
1. Map and data organization.
2. s a stable base for digitization.

3. As an inexpensive reproduction of interim map products.

KNRIS data is organized into files known as manuscripts on the basis of
polygon regions termed integrated terrain units (ITU)'s. Physical data is
represented as points, lines, and polygons. Resolution for the minimum size land
use unit is set at two acres.

A major design consideration was the desire to develop interfaces between
KNRIS and other resource management information systems. There has been
particular success in exchanging information with the Area Design and Planning
Tool (ADAPT) system, a commercial product. ADAPT uses a triangular irregu-
lar network (TIN) data structure. This structure was developed as a data-entry
device for LANDSAT data and is based on a cylindrical projection. Terrain data,
for example, is represented as a geographic coordinate and elevation pair associ-
ated with each vertex. 1

This capability to utilize existing data files without expensive reprocessing is
highly desirable. In particular, LANDSAT, USGS, and census data should be
directly usable by any GIS which is intended for users with minimal data collec-

tion resources at their disposal.
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: 7.5. LIS (Land Information System)

.‘ A Land Information System developed at the Zentrum fur Interaktives Rechnen
in Switzerland was implemented using an adaptation of a CODASYL network
| model DBMS. 13

The underlying operating system provided the means to specify the physical
placement of stored records on the disks. This capability was an essential require-

ment, as the design relies beavily on the clustering of stored data according to its
geographical neighborhood. The conventional file system and access methods
were bypassed and more suitable methods substituted.

The basic solution adopted was to impose a uniform reference grid over the
land area and to assign a unique number to each square. The address space was
divided into corresponding pages and each grid square mapped to a page. A
record representing each real-world object is stored on the page associated with
its grid square. The actual image representations of objects are stored in topolog-
ical form.

In order to enhance processing efficiency, several refinements were incor-
porated into the basic design. When the number of objects referenced by a partic-
ular grid square exceeds the capacity of a single page, the grid is subdivided into
four smaller squares and each quadrant is mapped to its own physical page. This
subdividing may be carried to an arbitrary number of levels. Each level main-
tains pointers to its sub-squares, so the method represents a variation of the
quadtree data structure in which records are stored in both internal and leaf
nodes.
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Object records are always stored on the page corresponding to the smallest
grid section on which that object will fit completely. To avoid propagation of
higher-level grid lines through all subordinate levels, subdivision lines are offset
at cach level. This ensures that those objects that straddle grid boundaries at one
level can be placed at the next level. Display of image data is straight forward;
object records are retrieved and the image materialized by interpreting the topo-
logical descriptions which they contain.

7.6. LUIS (Land Use Information System)

LUIS is a generalized system suitable for handling any database of
geographically-oriented integer information. Its designers recognized that all geo-
graphic information has two elements: the location and description. Therefore, a
system to handle this type of information must relate these two components.
LUIS does this by separating the data into plot files and database files and linking
the two through physical pointers. Plot files are further divided into pointer file
and coordinate file components. Pointer files contain fixed length records consist-
ing of polygon centroids and bounding rectangles, in addition to pointers into the
coordinate and plot files. The coordinate file component contains sets of point
vectors which define the polygon perimeters more precisely. Through the use of
keys, or physical pointers, to link entries in the location and database files,
polygon locations and their other attribute data are actually handled together as
single logical units.28

Bounding rectangle information is used to simplify logical operations and
quickly determine the appropriate scale for output display. New regions (called

........................
.................................................................
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maps) may be defined through operations on previously defined regions and used
in subsequent display commands. Also, multiple regions may be superimposed or
otherwise jointly displayed.

A subset of the LUIS map plotting commands could be implemented in

LDMS. These include:

DRAW mapname

Draw the named map on the CRT at the largest possible scale. Maps may be
cither standard system maps or subsets of these previously defined by the
user.

DRAW mapname USING dataname

Draws only those polygons in mapname associated with values of dataname.
DRAW mapname SHADED USING dataname

Draws the polygons in mapname and shades them according to the values of
the variable associated with them.

BLOWUP
Redraws a user-designated section of the currently displayed map. The sec-
tion is expanded to fill the entire available screen area.

SUPERIMPOSE mapname
Exactly the same as DRAW except that the screen is not cleared, but rather
the new map is overlaid at the scale of the current display.

DEFINE newmapname type
Allows the user to define an area that can later be used in a DRAW com-
mand or used as an input to a further DEFINE operation.?8

Applications envisioned for LUIS include plotting the location of medical or
other service facilities; studying the location of diseases in epidemiology; and

analyzing housing development, demographic trends, and crime patterns.28

7.7. MAPSOFT

The MAPSOFT system at Akron University uses a vector representation to
produce files defining the outlines of polygon regions or collections of point loca-
tions. These are known as locational data files. Each locational data file is paired

with a corresponding statistical data description file containing attribute data asso-




ciated with its regions or points. Both locational and statistical data files are

ordered sequentially, with data for a given entity entered in the same ordinal
position in each of the paired files.

The generation of a statistical map requires a series of two-step operations.
Each operation involves the extraction of locational information from one file and
the processing of data in its corresponding statistical data file. The basic sequence
consists of plotting region outlines, plotting point data, and displaying the statisti-
cal characteristics of the data. These characteristics may be depicted by a variety
of choropleth (cross-hatching or shading), cumulative frequency distribution
graphs, or bar graph variations. 43 Each named point or region is associated with
a specific set of attribute values, fixed in number and collectively linked to one
and only one entity. This is a 1:N relationship.

The primary shading algorithm used by MAPSOFT to generate choropleth
maps uses a continuous rather than class interval classification method. The
minimum and maximum data values in the distribution of the variable to be
represented are first determined, and these extremes are assigned the display
values of WHITE and BLACK. Intermediate values are then assigned a shading
density proportionally between the black-white extremes according to a nonlinear
psychophysical power function. A similar scheme is used to calculate the symbol
sizes for circles, bars, and polygons on graduated-symbol maps.

When the frequency distribution is highly skewed, a quasi-continuous alloca-
tion variation is used instead. This involves setting data value cutoff points for
WHITE and BLACK display, and shading only values in the intermediate range.
Quasi-continuous shading represents a compromise between continuous-tone and
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the more traditional discrete classification interval approach. It is a useful
interpretation tool, but can introduce perceptual bias if it is applicd to inappropri-
ate types of data.43

The processing sequence used by MAPSOFT consists of the following steps:
Initialize default parameters.

Read global parameters.

Read, echo, and check user-supplied local parameters.

Read the geographic and statistical data.

Determine minimum-maximum geographical/statistical data values.
Calculate appropriate symbolism for the areal units.

For each areal unit:
1) Read in the x-y coordinate boundary.
2) scale the coordinates to plotter space.
3) draw the appropriate areal symbolism.
8. Draw the legend, cumulative frequency curve, main and subtitles, and the

SO (£A e k) ShIE e

surrounding line.

7.8. NIMGRID and ODYSSEY

The GRID and IMGRID multivariate spatial analysis systems were
developed at Harvard in the 1970’s. They organize the database as a collection of
multiple layers, with cach layer representing a specific variable over a fixed area.
Each of these variables is treated as a scparate, registered array of some
machine-dependent maximum size and all of the arrays are stored in a single ran-
dom access file. A major drawback to this design is the existence of a fixed limit,
however large it might be, on the size of the grid data arrays. Processing which
involves a variable also requires its complete array to be resident in memory,
even though only a fraction of it might be accessed concurrently.

The newer NIMGRID system resolved both these problems by modifying the

data arrangement from a conventional grid to a raster-oriented grid arrangement.
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Each variable is represented as an image, which allows the use of raster image-
processing methods to process it on a line-by-line basis.30

More recent work at Harvard has focused on integrating, under the ODYS-
SEY system, the various systems developed there over the past fifteen years.
ODYSSEY’s basic structure is the least common geographic unit, a polygon formed
by overlaying and cutting all boundary point chains bounding any region in the
database. The resulting subregions contain constant data values. Collectively,
these units constitute the basic location set managed by the system and determine

the maximum resolution.

7.9. NURE (National Uranium Resource Evaluation)

A sediment and water analysis database system used by the Savannah River
Laboratory collects and analyzes data on the basis of National Topographic Map
Series (NTMS) units. These are 1 by 2 degree quadrangles, and the data for each
is kept as a separate data set. The SAS software package allows these separate
data sets to be concatenated and considered as a single unit for plotting arcas
extending over multiple quadrangles. 19

The NURE database project demonstrates that it is possible to take advan-
tage of existing commercial graphics and statistical display packages to display
data previously selected on the basis of location. This proves the feasibility of
developing a low cost yet powerful GIS by concentrating on operations involving
only the spatial characteristics of data. The results of such selection and manipu-

lation operations can then be submitted to these existing packages.




7.10. PICDMS

The logical structure of PICDMS is unique in that it does not conform to any
of the standard approaches. Rather, it has adopted the dynamic stacked-image as
its fundamental logical structure. The model is suitable for use in general pictorial
database applications and provides flexibility in representing relationships and
semantic information.

The dynamic stacked image structure is an extension into three dimensions of
the grid data structure. Each stack structure consists of a set of two-dimensional
frames. These may be viewed as registered grid cell arrays, all of which share
common dimensions. Each stack (there will be one for each region managed by
the system) functions as a collection of logical records whose format varies as
image grid arrays are added to, or removed from, the database. All values for a
given region and grid cell are stored in corresponding positions of the appropriate
frames.

The dynamic stacked-image model differs from more conventional database
design methods in that the record structure representing a geographic region is
itself a variable. Adding a new image is equivalent to adding a new field to this
record. Conceptually, a stack may be thought of as a region or polygon. Adding
a ncw image to an existing stack is then equivalent to simultaneously adding a
new attribute to the region and storing the relationships between that attribute
and any others defined over the same region. The LDMS concept of location
data sets is somewhat similar in that each LDS is in effect registered to the entire

global region.

--------
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Data inanipulation Commands to Add a Zlope Image:

ADD (IMAGE SLOPE CHAR (5))
IF (ELEV(I-1,J) < ELEV(1,)))
& (ELEV(1J-1) < ELEV(LJ))
& (ELEV(1J + 1) <ELEV(L)))
& (ELEV(1 + 1 J) <ELEV(L)))
THEN SLOPE = ‘PEAK"’,
ELSE IF (ELEV(1,J-1) > ELEV(L]))
& (ELEV(1J) > ELEV(1J +1))
& (ELEV(1-1,J) = ELEV(1 + 1,J))
THEN SLOPE = ‘SQUTH",
ELSE.. .
FOR ZONE = ‘DANGER’,
PICDMS slope calculation.

Source: Chock et al, "Database Structure and ..anipulation
Capabilities of a Ficture Jatabase l.anagenent system
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PICDMS is specifically intended to integrate image and numeric data. Furth-
crmore, the designers eanvision evolution of PICDMS into a unified database sys-
tem in which the image or non-image nature of data is transparent.? Grid regis-
tration directly stores shared location relationships between image and variable
data in the same stack. Specification of the coordinate system relating individual
grids is performed as part of the logical database definition process before any
data is put into the image stack. This process includes stipulation of scale infor-
mation in terms of the logical length and width of the grid arrays; these values
may be given in lat/long coordinates (or fractions thereof), meters, or feet.

The PICDMS data manipulation language provides the flexibility to specify at
least twenty-six distinct classes of operations on images, points, lines, regions,
and their attributes. The freedom to define grid variables over a wide variety of
data types permits identification of coordinate positions for any values stored in
any grid in the registered stack. Furthermore, new grid images may be com-
puted, added to a stack, and themselves used as the basis for retrieval operations.

7.11. POLYGRID

The POLYGRID system represents an effort to capitalize on the advantages
of both grid-based and polygon-based systems. The grid mode offers advantages
in performing data manipulations, analysis, and composite mapping. The advan-
tages of polygon mode lie in its superior resolution and flexible display capabili-
ties, including manipulations of scale, projection, and crientation.

POLYGRID uses a software package called GRIDCHAIN to identify the
grid cells corresponding to grid region boundaries and to produce a corresponding
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image/center file. This derived file can then be displayed using the polygon
mode. Conversion between the two formats involves the use of decision rules
which have been statistically validated to produce acceptable correlation, 20

The POLYGRID system does not appear to represent a true hybrid in that
the source data remains stored in grid form. The image/center files represent
redundant copies of this data which has been processed to facilitate vector-
oriented output operations. While the database may include an assortment of files
in both formats, the term hybrid would seem to imply that data is stored in a

form suited to both raster and vector operations, which is not the case.

7.12. REAP (Regional Environmental Assessment Program)

An integrated data management system developed for North Dakota’s
Regional Environmental Assessment Program combines a conventional database
management system with map and graphic display capabilities. The DBMS serves
as the central unifying component and is used to manage polygon, grid, cellular,
and alphanumeric data. The maps are stored in the database as polygon, line, and
point plotting codes. Several standard commercial graphics and statistical pack-
ages, such as SPSS, DISSPLA, and TELL-A-GRAF are also integrated into the
overall design. 14 This appears to be a very well designed system, developed to
support eight general categories of user requests:

Conventional queries and report generation.

. Maps of various scales and projections.

. Statistics, especially trend analysis.

. Charts and graphs.

. Numeric calculations, for example of simple engineering problems.
. Composite mapping.

. Basic geographic capabilities, such as arca computation.
. Models, to answer "What if...?" questions. 14
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Collections of data are designated as titles, and the DBMS maintains a direc-
tory of these. The system recognizes two classes of titles, spatial and
alphanumeric. Each spatial title may be associated with several alphanumeric
titles, but alphanumeric data titles are linked to only one spatial title. Restated,
this means that a given type of alphanumeric data is collected and stored at only
one level of a region hierarchy.

The QUERY language of REAP includes constructs for expressing relation-
ships between spatial data titles and alphanumeric data titles. A MAP subsystem
draws maps on cither graphics or plotting devices, and is fully integrated with
QUERY. For example, a query which produces as its result a list of map regions
or polygon names may serve as the input to MAP. 14 LDMS provides a similar
capability, in that » list of geographic entity names produced by conventional
database data manipulations can be submitted to LDMS for display.

7.13. SHADE (Simple Handling of Areal Data Exprestions)

SHADE uses the bounding rectangle strategy to quickly screen polygons
according to location. It also uses a tree-structured file system but, where LDMS
separates region locations and attribute data, SHADE stores this information
together.

SHADE is the only system identified which specifically provides for distribu-
tion of data values over the area of regions, a concept central to the location data

set approach of LDMS. The method involves the uniform distribution of data

values over a gridded equivalent to the polygon region invoived. The data are
then allocated to overlapping polygon regions according to the proportion of areal

.




......
............

-5

overlap. 42 The system also provides an interactive facility through which the user

may define the location of polygons and points.

7.14. STORET

STORET, a water quality database used by the U.S. Environmental Protec-
tion Agency, provides facilities for interactive definition of regions known as stan-
dard zones. Users may specify values for attributes to be stored with these defini-
tions. Zones are displayed over base maps retrieved and composed from three
separate map databases:

1) states and counties,

2) hydrological features

3) municipalities.

Retrieval from the databases is keyed on latitude/longitude; coordinate extremes
of every feature are stored in a separate directory to support fast identification of
features falling within a search window. 34

Several features of STORET are applicable to the design of LDMS. These
include the bounding rectangle strategy, an interactive region definition capabil-
ity, the base map overlay concept, and separate organization of region and map
definitions.

7.15. USGS (U.S. Geological Survey)

As might be expected, storage and retrieval of cartographic information is a

central concern of the USGS. It has therefore developed a number of different
- systems and file structures to support its requirements.

b The digital cartographic files produced as part of the National Mapping Pro-
: gram (NMP) are of two basic types. Digital elevation model (DEM) files consist
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of clevation samples; digital line graph (DLG) files contain planimetric map infor-
mation on basic data categories such as transportation, hydrography, and boun-
daries. A separate but related Geographic Names Information System contains
information on all names of geographic and other features that appear on USGS
topographic maps. The entries include the type of feature, location by latitude
] and longitude, and the name of the quadrangle map on which it appears. 27 Both
| quadrangle maps and name files could be directly utilized by LDMS if provisions
1 were made for interpretation and display of the graphics primitives which they
contain.
' The U.S. Geological Survey makes digital cartographic map files available
through the National Cartographic Information Center (NCIC). A program is
currently underway to provide a uniform, consistent digital cartographic data base

for the coterminous U.S. by the carly 1990’s. When completed, it will consist of
54,000 7.5-minute quadrangles at an accuracy equivalent to that of 1:24,000 topo-
i graphic maps. 27 At the present time, three types of topographic data are avail-

able from the NCIC:

1. Digital Terrain Tapes (DTT’s) digitized at the resolution of 63.5 meter grid
cells.

2. Digital Elevation Model (DEM) format tapes in which the data are organized
in cells of 3-arc seconds (about 100 meters) rather than a grid based on the
Universal Mercator projection.

3. Digital topographic data available as a by-product of photo generation. These

i are of relatively higher resolution and accuracy than the first two types, and

) are available for many 7.5-minute quadrangles in DEM format. 15

DNl v Ty e 0,0

The U.S. Geological Survey is also developing a nationwide, multi-purpose
digital cartographic database of land use and land cover data. The classification

system involves rine general categories and these are further subdivided into a
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United States Geological Survey
Land Use and Land Cover Categories

1 Urban or
Built-up Land

2 Agricultural Land

3 Rangeland

4 Forest Land

5 Water

6 Wetland

7 Barren Land

8 Tundra

9 Perennial Snow
or Ice

Level II

11 Residential

12 Commercial and Services

13 Industrial

14 Transportation, Communication, Utilities
15 Industrial and Commercial Complexes

16 Mixed Urban or Built-up Land

17 Other Urban or Built-up Land

21 Cropland and Pasture

22 Orchards, Groves, Vineyards, Nurseries
23 Confined Feeding Operations

24 Other Agricultural Land

31 Herbaceous Rangeland
32 Shrub and Brush Rangeland )
33 Mixed Rangeland i

4] Deciduous Forest Land
42 Evergreen Forest Land
43 Mixed Forest Land

51 Streams and Canals
52 Lakes

53 Reservoirs

54 Bays and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>