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Integrating Mechanisms for Storage and

Retrieval of Land Data

by Andrew Frank

Introduction

Traditional manual land information systems
{LIS) are notorious for problems with infor-
mation dissemination. It is necessary but dif-
ficult to make copies of maps and registers
and keep the collected data up-to-date, This is
especially problematic if multiple copies must
be updated manually. Computers may help
overcome these limitations, as they allow one
to copy, massage, and disseminate informa-
tion easily. With the help of electronic data
processing, it is possible to integrate data col-
lected and stored in different registers and to
avoid many of the limitations inherent in slow
and expensive manual processes.

Although a number of these systems
have been designed, many of the more polyv-
alent ones [ailed to achieve their goals (Mead,
1981); systems built for narrowly defined ap-
plications have sometimes worked well until
the requirements of the application changed.
It has proven extremely difficult to make the
integration of data for different purposes
work.

Integrating data from different sources
and making them available to different user
groups, a central concept in the LIS philos-
ophy, is considered here. This paper discuss-
es why integration of data for different pur-
poses is difficult and what research must be
done te engble us to build multipurpese
cadastres as advocated in the NRC (National
Research Couneil of the National Academy of
Sciences} report (NRC, 1980).

This paper sets out to describe research
topics which it is believed are important to
achieving the goal of an integrated LIS in this
and the next decade. It is as difficult to de-
seribe clearly prospective areas of research

as it is to chart a map of “terra incognita"; the

unknown cannot be clearly defined. Thus, this
paper can mark the problem areas but must
be sketehy in outlining the means that ean
lead to solutions. The fundamental problems
that plague present systems have been con-
centrated on and a time horizen of about 10
vears into the future has been selected. To
assess the important topics for research be-
yond the next decade seems very speculative;
it is assumed that a rigid formal base as ad-
voecated throughout this paper will provide a
worthy base for future endeavors.

Challenge

Building the systems that are perceived
necessary and economically feasible in a time-
ly manner is important for our society. Sys-
tems which provide information ashout land
are increasingly important for decisionmak-
ing in land use and planning and crueial for
the imminent renewal of infrastrueture in-
stallation in the United States. It is being ask-
ed that theoretical insight and practieal
knowledge be provided to design and build
cost-effective multipurpose systems and
avoid the “everybody his own pratotype” ap-
proach, which is extremely costly and often
disappointing.

Tools Available

A number of recent developments have pro-
vided new tools to attack the problems:

Recent Hardware Development

» Considerably faster processors have
beecome available and today's personal
workstations have the power of yesterday's
mainframes.
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* Large storage spaces on hard disk are avail-
able at reasonable cost.

» High bandwidth communication media for
short- and long-distance communication are
avegilable,

There is no justification to design
systems which do not use the available hard-
ware and excuse shortcomings with savings
in the hardware needed. Cost for data collee-
tion, user time, and software is so much
greater than for hardware.

New Software

* Multiuser, multitask operation systems are
available even on smaller personal compu-
ters.

» New, improved programing languages and
programing support systems have become
reality (Ada, Modula-2, Pascal).

» Software for passing data from one com-
puter to another and integrating several
computers into a uniform system (computer
network) is now available.

* Database management systems (DBMS) to
provide integrated data storage space for
data from different sources have been
developed.

* Expert system support and nonprocedural
languages for fast prototype and writing of
small programs (fifth generation comput-
ing) are available,

Theoretical Advances

The following theoretical advances have
been made in computer science:

» Formal methods to describe the function of
programs and to apply strict mathematical
operitions to them;

* Mathematical theories for databases and re-
lated operations; and

» Approaches to a consolidated theory for dis-
tributed processes.

In the area of human factors studies, bet-
ter understanding has been reached of ergo-
nomics and human factors related to user
interfaces for programs {user friendly pro-
grams).

In the area of information science,
studies have been made into the nature of in-
formation and the representation of informa-
tion In computers.

Conclusion

It is a challenge to the surveying engineering
profession to learn to use these new tools to
improve the means with which they provide
land information to society. These tools make
it possible to design znd implement inte-
grated LIS. It should not be attempted to
build LIS without their use. However, it must
also be noted that most of these new fools
have not yet been applied to problems of the
complexity of an LIS and their application
will need considerable work.

If surveying engineers do not pick up the
challenge and improve their services, they
will not remain competitive in the future in-
formation business {Naisbitt, 1984) but will be
reduced to being the measuring “gophers" for
others that know how te handle and market
the information systems desired.

Organization of the Paper

The framework of this paper is “integration”
in a land information system. We have to deal
with integration of different user needs, data
from different sources, data stored in differ-
ent computer systems, and programs for dif-
ferent tasks written by different programers.

This paper concentrates on seven do-
mains, where research efforts are believed to
be most necessary, namely:

* Layered framework for a computerized LIS
and identification of major modules;

* Improved data description methods, in-
cluding data encoding and data quality;

¢ Treatment of geometric descriptions, in-
cluding problems of limited precisions;

* Integration of temporal dats;

¢ Requirements of data retrieval and query
language;

¢ Organizational concern of importance for
the design of databases; and

* Technical solutions for data storage and re-
trieval.

For each we have given some explics-
tions and specific recommendations for
studies of various size.

Assumptions

This paper assumes that in the next decade
there will be no major changes in the econom-
ic, social, political, or technical environment.




It also assumes that development of com-
puter hardware and computer science will
continue along the lines presently observed.

It is assumed the LIS to be built will be
integrated, providing data from different
sources to different users. It is also assumed
they will be interactive, providing immediate
response to the user. The advent of the per-
sonal computer has shown users how fast and
convenient interactive systems are, and
users will nol easily settle for the batch
system which delivers its result to a central
location “tomorrow.”

Integration of Different Needs as the
Principal Problem

Size and Complexity of Necessary Software

The size and complexity of an integrated LIS
is a topic worthy of research. The effort to
consiruct a program increases faster than the
size of the program. To write a program of
twice the size requires far more than twice
the amount of time. A multipurpose LIS typ-
ically needs a much more complex program
than a single purpose information system and
cannot be built by combining software in.
dividually built for single purpose systems.
In writing large integrated software
packages, special tools for design and anal-
ysis are needed. If these tools are not avail-
able, chances for suceessful completion within
the planned budget become slim. For in-
stance, who would contract a number of car-
penters to build a large hospital complex
without any further planning and guidance?

Necessary Theoretical Understanding
of Application

Programs to solve problems that are not well
defined and understood cannot be written.
Unfortunately, it is often tried. On the other
hand, software currently being developed is
farcing us to ask important questions about a
task and recerd the findings in a formal way.
Thus, construeting protetype software to-
gether with formal methods of software engi-
neering is an effective tool for investigating
certain tasks and exploring the correctness of
the results. Nevertheless, explorative writ-
ing of prototype soffware should always be
separated from later design of production
programs.
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Layered Design

Software engineering proposed to split large
systems in layers with speecific functions.
Each layer would provide some specific serv-
ices which are then assembled and improved
by the next higher layer to provide, in turn,
higher level functions. The best known dp-
plication is in the “open systems intercon-
nect” model for communication between com-
puters proposed by the international organi-
zation for standardization. Examples for the
application of this idea can be found in Frank
(1981, 1984} and Chevallier {1984),

Modular Software and Identification
of Common Functions

Software complexity ean be reduced by
building large systems from modular building
blocks. If a module fulfills a specific function
with minimal interactions with other mod-
ules, overall complexity is reduced. Modules
are written independently of others, and only
the defined interface of the module is of con-
cern to the programer who writes a piece of
software using this module. The technique is
essentially a method of abstraction becanse
the details of a function are hidden inside the
module and the writer of the using program
does not need to know them. An additional
benefit is that changes in one part of a pro-
gram do not propagate in other parts of the
system.

Software engineering advocates, under
the name of object-oriented programing, a
method to group together the data describing
an object and all the operations related to
these data. This concept is independent from
the programing language used. The new lan-
guages, like Ada and Modula-2 (Wirth, 1984),
incorporated related coneepts, but the tradi-
tional languages, like Fortran {Isner, 1982;
Aronson, 1985) and Pascal, also ean be used.

The method is related to the methods of
specifieations based on abstract data types
(Zilles, 1984; Gougen, 1978; Parnas, 1977). The
data objects defined are likened to the data
types and operations the computer hardware
offers. Good soitware engineering practice
demands that formal deseriptions of a system
be written before the actual programing (cod-
ing) starts. This permits problem identifi-
eation and correction of errors in the ear-
lier stages of the design and avoids costly
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changes when much of the code is already
committed.

Formal specifications of this type can be
considered as defining an algebra (multi-
sorted or heterogeneous algebral, making
them subject to mathematieal proof methods.
This permits carryover of ideas from alge-
braic theory {like the algebra of real
numbers). The algebraic treatment helps to
group, identify, and relate functional com-
ponents when analyzing user requirements
and eurrent manual proeedures, and helps to
provide a formal framework for strict reason-
ing. Currently several groups are working on
automated systems to help designers use
those techniques. Such tools should be used
as soon as available.

Software Packages To Support LIS
in General

Software for 2 multipurpose system is not the
sum of the programs written for each individ-
ual purpose. Common routines must be iden-
tified; all routines providing a certain func-
tion are concentrated in a module and then
this module is used everywhere these func-
tions are needed. This is the basic idea behind
database management systems, database
query languages, and graphics packages, but
the same idea can be applied further to pack-
ages typieal for LIS (but not found in other in-
fermation systems) which can be written in-
dependent of & specific purpose of an LIS.
Such packages can be written in a transform-
able manner, so they are available to users at
different sites, Generally it seems desirable
to make such packages small (i.e., ineluding as
small a group of functions as possible} and in-
dependent of each other to facilitate changes
and adaptation. It may be worthwhile to set
up an organization for exchange of software
packages among research groups and stand-
ardize the software environment (operating
systems, languages, etc.).

To design such packages, increased un-
derstanding of the functions in a multipur-
pose LIS is needed, To this end, more user re-
quirement studies are not advocated, as
those will reveal only the superficial traits of
users' needs, but in-depth and formal studies
of the hasic functions as outlined in the sequel
to this paper are. Qur present understanding
of the interaction between user and data

processing systems, and the translation from
data to infermation is not far enough advane-
ed; the absence of a theory allows no more
than descriptions of how users imagine their
present systems work. Often user aceounts
do not include exceptional procedures and er-
ror treatment, two critical ingredients in any
automated system, which are hard to add fo
the design after it is completed. Techniques
from artificial intelligence and communiea-
tion theory can be applied to deseribe actual
performance.

Formal methods for description of opera-
tions provided in a package and related fast
prototyping methods with which to experi-
ment will help considerably to increase un-
derstanding of the processes involved.

Recommendations

It is recommended that a study be under-
taken to describe a layered operationai
framework for the different software mod-
ules which ean be identified in an LIS. This
study should use modern software engineer-
ing methods based on formal mathematieal
methods {(multisorted algebras or other forms
or formal specifications languages). It must
describe the contribution of each layer, its
aperation, and how it used the layers
underneath.

"The study should identify coneeptual
models which are generally useful for the con-
struction of LIS software and should deseribe
their funetion and their interfaces with each
other.

Formally specified and decumented soft-
ware packages should be written in a trans-
portable form and made available to research

groups.

Data Description Method

Integration of Dala from Different Sources

The data for an LIS likely will not come from
one single source and most of it may not be
collected with multiple uses in mind. The
strength of an integrated LIS is its ability to
exploit data from different sources in a joint
mode (which does not necessarily imply that
the data are stored in one single location)
However, it is necessary to have a logically
integrated description of the data, which will
consist of & number of levels.




Entity, Attributes, and Relations

Conventional databases are based on a data
model that uses entities, attributes, and rela-
tions {using varying terminology (Chen, 1976;
Codd, 1982)} for data deseription. An entity,
comparable to a record in conventional data
processing but also to an object in an object-
oriented setting, has attributes that further
define the entity and may be related to other
entities of the same or different type. Using
these categories, it is possible to describe a
data set in ane or several files or in a data-
base. The methed is formal and capable of
precise deseription that rules out certain mis-
interpretations.

Generalization

The traditional methods for data deseription
are insufficient for LIS because an LIS very
often contains data about objects that are fur-
ther subdivided into more special classes;
e.g., buildings are divided inte residential,
commercial, industrial, farming, ete. Treat-
ment sometimes deals with the general con-
cepts of building; sometimes only some of the
subelasses are relevant. The coneept of gen-
eralization must be added to the data deserip-
tion method. It is the same idea that in avtifi-
cial intelligence (AT} is often called an “is a"
relation (or “specialization,” if considered in
the other direection) (Borgida, 1984). With this
extension, schema description methods be-
come closely linked to semantic nets (or
frames (Finder, 1979)) in Al systems; the rele-
vant literature should be more closely follow-
ed by the LIS community to detect results
that become applicable.

Classification and Encoding

The state of reality must be perceived and
represented with symbols having an agreed-
on semantic; e.g., taking the measurements
that point A is 7.35 m from point B and writ-
ing it into a deed or writing that the house at
Grove Street 30 is a two-story building.

It is not eritical what symbols are used to
encode the information, as long as there are
well-defined methods to translate without
loss of information from one system to the
other {e.g., distance expressed in the metric
system into the traditional American system).
This is especially true for electronic data proe-
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essing, where internal forms may be quite dif-
ferent from the values to which users are ac-
customed (binary, hexadecimal, ete.)

A difficult and little undersiood issue,
however, is the selection of scale used for en-
coding (e.g., the assessor's seale might be
one-, two-, three-story houses, or one-, one-
and-a half-, two-, two-and-a-hall-, etc.).

Encoding of attribute values can be clas-
sified into the following four groups:

» Nominal (e.g., residential, industrial,
business zone);

¢ Ordinal (e.g., very steep, mild slope);

s Interval (e.g., in BAT scores, o difference in
50 points does not have the same signifi-
cance at 600 and at 800 points);

* Ratio (measurement with base variable and
scale).

It has been noted {Robinson, 1985} that
users typically need the ordinal values,
whereas operations are usually simpler on
the ratio seale. It seems generally advisable
to collect and store values on interval or ratio
scales and then translate them into nominal
or ordinal values for presentation te the user.
Such o translation may use more than one at-
tribute and combine them into a single infor-
mation. For example, a user might be inter-
ested in the usefulness of lots for building a
supermarket. The system would combine a
number of attributes like accessibility num-
ber and soeioeconomic status of the popula-
tion within a 15-minute driving distance of
the lots.

The data deseription in a database
schema does not include deseription of the en-
coding system. There is a2 need for a method
to describe encoding methods formally and to
translate between them. Expert system
methods may help to build translation rou-
tines easily and rapidly.

Data Quality

Not only can the encoding differ among data
sources but so can data quality. Included in
data quality are exactness (precision} as de-
seribed by the standard deviation associated
as a result of a measurement process, coarse-
ness of encoding (encoding error}, timeliness
of the data, definition of reference object (see
later geometric problems), and reliability
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{how many gress errors). Different aspects of
data quality can affect different user groups.

Data Integration from Different Sources

"The original deseription of data collected for
different purposes may use similar termstode-
seribe the observed objects, but their mean-
ing based on different intentions may vary.
For example, road width to a tratfic engineer
means the width of road used for traffic; ina
hydraulic study road width is the width of the
hardeover surface, and to the surveyaor it is
the width of the right of way.

It is erucial in building a muitipurpose
LIS that similar semantics be detected, in
spite of the use of the same terms for dif-
ferent names and dissimilar semantics.

The techniques for data decriptions can
be used to deseribe data from a single source,
data for a specific purpose, and all data avail-
able in an (possibly dispersed) LS. To com-
bine data from different sources, the data
from each source is described and then the
different desecriptions compared to identify
commonality. Artifieial intelligence has
studied methods to deteet similar semantics
in concepts in spite of dissimilar terms used
(Finin, 1984). In the database literature, some
procedures for automatic detection of averlap
in the data descriptions of different user
groups {(Kent, 1981) are found.

Standards for Data Exchange

The standardization of formats for data ex-
change is not an imminent problem. Loading
data received in a sequential format into a
database is much more affected by differ-
ences in the classification and encoding
methods and the data quality than by dif-
ferences in the arrangement of fields within
the records. This is significantly different
from exchange of cartographic base files,
where programs operate directly on the files
provided and the structure of these files is
crucial for their operation. It may be attempt-
ed to define a simple language to deseribe the
contents of a file and design programs that
automatically load data from such files in a
suitably structured database.

However, we expect the studies listed
above to produce tools that allow deserip-
tions of the semanties and the quality of the
data after Lranslation and help to overcome
differences on this level.

Consistency Constrainis

Not al! combinations of data form wvalid
models of reality (e.g., persons less than ten
years of age cannot have children). In large
data collections, it is of geat importance to
describe and enforee such constraints, This is
advantageous for detecting errors in the data
as early as possible and possibly more impor-
tant for guaraniteeing certain invariants for
processes operating on the data: An algo-
rithm has to assume certain properties of its
input data and cannot produce reasonable re-
sults if these are vielated. It is possible fo
write an additional code which tests the prop-
erties explicitly before executing the algo-
rithms, but this is generally a wasteful solu-
tion. It is mare efficient to deseribe those con-
sistency constraints formally and guarantee
that the data stored comply. This needs to be
checked only during operations that change
the stored data.

Recommendations

It is recommended that a study be under-
taken to find, assemble, and publish formal
methods for 2 most complete deseription of
data as they are likely to be found in an LIS.
This study should be based on the abstraction
mechanism identified in recent artifieial in-
telligence studies and explore how data de-
scription methods can be expanded and inte-
grated to include more of the meaning associ-
ated with the data from different sources.
The methods must teke into account and be
able to describe consistency constraints of all
types. They should be tested in an example
LIS and then widely disseminated to en-
courage practical use.

It is necessary to analyze the different
classification and encoding methods and their
relative merits. Work has to go beyond the
encoding theory and deal with the semanties
involved. It should result in recommenda-
tions for the selection of encoding methods
and investigate conversion from one code to
another.

Further study should be underiaken fo
identify and classify the different aspects of
data quality, provide methods to deseribe
them, and explore to what extent they affect
the use of the collected data for certain user
eategories. Researeh should also explore how
to combine data with different gualities to ob-
tain useful resulis.




Infegration of Geometric Data

An LIS deals primarily with data related to
land. Each data element is related to a ref-
erence object it describes. It is thus nec-
essary to discuss methods to deseribe the
peometric properties of reference objecis and
also to find methods to combine deseriptions
of different objects exploiting their known
geometric reference. Those methods may
build on and use the methods for data descrip-
tion given above since some of the problems
encountered are similar (e.g., data quality).
Geometric data, however, is of such overall
importance that special and more detailed
treatment seems warranted. A mathematical
“Spatial Theory™ has been listed as one of the
most erucial research needs for geegraphic
information systems (Boyle, 1983).

Reference cbjects which are either geo-
metrically exactly defined lindependent of
the precision with which the limits are
known} or are only generally defined without
any clearly determined boundaries, Parcel
boundaries are of the first class (i.e., always
an exact boundary, even if not presently
known), whereas natural limits often fall in
the second eategory (e.g., the exact limit of a
forest, of South Carolina's “low lands,” or of
the permafrost areas are unknown).

Geometric Description of Exactly
Defined Objects

The exact geometric definition of an object
does not automatically include precise knowl-
edge of this geometry. In fact, all measuring
methods can only be approximations of “true”
values, due to inherent measuring errors,

A number of specialized data structures
to treat and store geometric descriptions of
specific objects have been developed in the
past. Best known is probably the DIME en-
coding method used by the Bureau of the Cen-
sus for encoding of census traets. Independ-
ent descriptions of object of gecometry by
closed polygons are also commonly used.

However, these methods are useful only
for the specific geometric structure of the
selected objects treated. In "Conceptual
Framework for Land Information Systems—
A First Approach” (Frank, 1982}, geometric
struetures were classified from a few topo-
logical eriteria used as a base for elassifica-
tion of the geometrie structure of specific ob-
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ject classes and their geometric consistency
constraints. Similar considerations can lead
to algorithms to treat and store geometric
descriptions.

Recent work {While, 1984) has brought
more attention to the problems caused by fi-
nite approximation to exact geometry due to
measuring errors and limited preeision of
computer arithmetie. It has been shown
(Franklin, 1984) that there are no workable al-
ternatives to use of approximations for geo-
metrie computations {computer reals), and it
is concluded that the integration of topology
and metrie positions is difficult; they may he
treated in parallel, but separately.

Attention should be directed not only to
an efficient storage of geometric descriptions
but also to the correspending geometric oper-
ations. Geometric data must be menipulated
to change them, deduce other data of inter-
est, or represent the data. Computational ge-
ometry has partially explored this field and nu-
merous algorithms have been published. "A
valid criticism is that many of the algorithms
appear to be difficult to implement in practice
or have unrealistic resirictions. A bughear to
the implementer isthe plethora of special cases
which tend to be glossed over in theoretical al-
gerithms” (Forrest, 1984). The design of a
generally useful datastructure must take
these problems into account and support the
most important basic geometric operations
necessary for an LIS. The LIS must maintain
the geometric consisteney constraints effi-
ciently heeause algorithms from computation-
al geometry are typically very diffieult to
“prove" against errors in the input data.

Representation of Objects with
Imprecise Geometry

It might be useful to study the difference be-
tween objects for which geometric descrip-
tions ean only be given approximately and
others for which descriptions could, in princi-
ple, be given exactly but are not known at the
present time,

The definition of inexact boundaries is
most often based on the combination of a
number of factors (e.g., several components of
climate exposition or altitude}. It may be pos-
sible to use a deduction rule in an expert sys-
tem to {ind mosi appropriate limits. Those
limits, however, must still be considered as
fuzzy, should be presented Lo the user as
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such, and further deduction must take this
uncertainty into account.

Aggregation and Generalization

Generalization is used in eartography to re-
duce the details of an object to be rendered
on a map of a smaller scale. Aggregation is
the process in spatial statistics when values
for a number of spatial units are lumped to-
gether to form a value for a larger spatial en-
tity le.g., aggregate all census block values to
a value for a town}, This can be understood as
two occurrences of spatial application of the
very general abstraction meehanism “gener-
alizations." Obviously, spatial reasoning uses
this method frequently; political subdivisions
are an example for a hierarchy of general-
izations; town, county, state, country....
Similarly, we can observe a hierarchy for
linear features (streets, rivers} and for mor-
phological features. 1€ must be assumed that
spatial generalization is an important part of
spatial reasoning and must be studied and
formally defined. Some initial work was re-
ported in “Symbolic Feature Analysis and
BExpert Systems” (Palmer, 1384} and should
be cantinued.

Recommendations

It should be studied how geometric deerip-
tions of different objects ean be treated and
stored. The solution must be useful for ob-
jects of widely varying types and cope with
how the limited precision positions are deter-
mined as well as the resulting differences in
coordinate values for identical points (and in
consequence, also for lines).

It should be studied how such a method
could be based on measurements in lieu of cal-
culated coordinates. Observed measurements
are statistieally estimatable and thus may
allow for a statistienl solution for the prob-
lems introduced by inevitable measuring er-
rors,

The study may assess the relative advan-
tages of designing specialized structures to
treat large classes of geometric descriptiens
(e.g., partitions, communication networks, or
data for digital terrain models) compared
with a more general solution.

Further it is recommended that a study
be made about the treatment of inexact {or
fuzzy} geometric data. It could start with

observations of how human experts (e.g.,
planner, geographer) use such data and what
rules they apply. Those rules must then be
formalized and generalized. This can he ex-
pected to lead to a better understanding of
semantics and, then, to reasonable operations
that ean be programed.

Treatment of Temporal Data

Large parts of reality are that LIS models
change in time; values describing this reality
are thus valid only for a specific moment. In
traditional manual systems, those problems
were often explicitly or implicitly dealt with
by annotating values with the date of their
collection {e.g., by explicitly dating them or
by implicit reference to some other dates).
Human users automatieally take into account
possible changes in the timespan since the
data collection,

Many user groups are not only interest-
ed in the present values (what is there now)
but in the changes in the past that led to this
situation. This is of prime interest to the
American legal system for all operations af-
fecting legal rights, but it is also of Impor-
tance for planning and seientific purposes.

Only recently the database eommunity
has begun to investigate methods to deal
with temporal data and apply the results of
investigations in temporal logic by mathema-
ticians.

Annoiations of Data Values with
Their Collection Date

Different propesals as to how time informa-
tien could be connected to data values can be
found in the literature about nonstandard da-
tabase applications, They were made primar-
ily for CAD/CAM (computer-zided design/
computer-aided manufeturing) applications
which have slightly different requirements.

Recording of Dates of Ghanges in the Data

Changes are not always reflected only by
changing values for certain attributes of an
entity (e.g., the name of the owner of a parcel)
but may cause the end of certain entities and
a contemporaneous creation of cne or more
new entities (e.g., during the subdivision of a
parcel).

It seems insufficient to record those




facts separately, only dating each of them. An
investigation of whether or not the changing
operation itself should be recorded is recom-
mended. This is almost analogous to the re-
cording deeds in the legal system. It also
seems to have theoretical advantages be-
cause an information system based on record-
ed changes is logically monotonic, whereas
systems which record the presence of facts
are nonmonectonic. It must be expected that
the concept of recording changes may inter-
act with the system selected to structure
geometric data. Careful selection and design
of basic operations on geometry may facili-
tate the dealing with temporal data.

Operations for Dealing with Time

Every method to record time must define
operations to use this temporal information
and define what is meant by these operations
and their results. For example, what does it
mean exactly for event A to be prior to event
B? Temporal logic is a special sort of model
logic (Rescher, 1971k it is important to base
the treatment of temporal knowledge on a
firm mathematical foundation.

Users will need to change data recorded
as reality changes and to correct errors com-
mitted previously. It is especially difficult to
decide what sort of changes to the events in
the past are legal: none at all?; only error cor-
rections? The data model in an LIS most of
the time is behind reality and changes in real-
ity are posted with a certain delay. This must
be included in the freatment.

Database Support for Temporal Dala

Records of time when data were collected or
changes effective will be important in advane-
ed LIS. It is thus paramount that the data-
base management system supports those op-
erations effectively.

Integration of User Requirements for
Data Retrieval

If data from different sources are integrated
into one LIS, it must be expected that dif-
ferent user groups need access to these data
in different ways. Traditienally, for every use
of the collected data, specific access programs
were writlen. This is not desirable because it
would require a multitude of programs which
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presumably would contain a large number of
relatively similar routines.

A user group wishing to access the data
in the LIS needs three functions:

s User query language to express its data
needs and describe the desired form of pre-
sentation;

e A facility Lo extract the necessary data; and

e "acilities to present the data in a form un-
derstandable to the user.

This section will discuss these needs for
data extraction (retrieval in the striet sense);
later sections will treat the other topics.

Retrieval of data from databases is a
two-step procedure: The user specifies ab-
stractly what data are required and the data-
base then delivers the data. Databases gen-
erally provide a relatively simple language
for users Lo deseribe the data requested. Un-
fortunately, the currently available query
languages are not powerful enough for LIS
applications. Languages that are relationally
complele {Codd, 1982) do nol, feature recur-
sion and lack extensibility to include spatial
operations on geometric data.

Reirieval Based on a Key or
Attribute Values

Retrieval of data must be possible using a
unique key {e.g., the street address of a build-
ing). It also must be possible to retrieve all
data fulfilling some logically expressed re-
quirements. Standard database methods pro-
vide such retrieval and they must be inte-
grated into a DBMS for LIS application.

Access Based on the Spatial Location
of the Referenced Object

In an LIS it is often necessary to retrieve all
data for ohjects within 4 certain area. Such a
retrieval must be possible and has to be exe-
cuted rapidly. It is expected that the data
structure selected for storage supports this
special type of access.

Retrieval with Nonunique Keys

In LIS typically a number of “nearly” unique
key attributes can be found, For example,
street names are “nearly” unique keys within
a town, sinee the same street name is seldom
used twice, It seems reasonahle to allow use
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of those “near” keys and have the system ask
the user a clarifying question in those rare
cases in which the key is not unique.

Use of Temporal Data in a Retrieval

It must be possible to ask, "As of what date
or time?” Other temporal query facilities
should be investigated for usefulness.

Use of Geometric or Topological
Relations for Dala Selection

In an LIS it must be possible to select data
for retrieval based not only on attribute val-
ues le.g., frontage larger than 30 {t.) but also
on geometrical {e.g., all post offices within 3
mi ) and topological relations (e.g., all parcels
adjoining parcel x}.

It is presently not obvious what number
of such relations is sufficient. An appropriate
course of action would be to construct lan-
guages so that the user can build in a new
relation when he needs it (extendible lan-
guages). A spatial theory will help to con-
struct a small but powerful set of relations.

Reirieval Based on Transitive Closure

Geometrical and spatial preperties are offen
used for retrieving all ohjects which are link-
ed to a given start object, or linked to an ob-
jeet which is already linked. For example,
miven a forest parcel, find all its neighbors
which are also “forest” and all their neigh-
bors; this results in finding all parcels of a
cohesive forest. This is often called transitive
elosure and is easily expressed using a re-
cursive deseription: connected (x,y) if
neighbor (x,y) or connected {x,z) and neighbor
{z,¥)

Translation of Terms Used for
Data Description

Different user groups will apply different
terms for the description of data they re-
guest. Sueh terms willl net only require sim-
ple translations (i.e., replace house by resi-
dential building) but more complex regroup-
ing of data from the stored form into the
structure requested by the user, Here again
an extendible language with sufficient power
(comparable to the power of an ordinary pro-
graming language) provides this capability
for all {future needs.

User Languages for Description of
Regquested Data

The background and interest of users in an
LIS will vary greatly, as will their involve-
ment with the LIS. It will, therefore, be nec-
essary to construct different interfaces for
different wser groups. “Parametrie users”
who frequently need the same type of data
will be aecommodated best with forms to fill
in the blanks. Users that seldom contact the
system may desire a guided dialogue and ex-
tensive help Iacilities. Finally, sophisticated
users with greatly varying needs will demand
a very flexible query language and be willing
to spend the time to learn its use.

The hasic query language described so
far can be used as a eammon ground for build-
ing these user specific languages. The dif-
ferent languages are translated inte a com-
mon form and then executed. A package to
help build new user languages to translate
the requests would be generally helpful. This
package should take into account the neces-
sary specifications for the output form,

Integration of Expert Systems
Capabilities

The functions desired in the basic query
language are very extensive and the methods
necessary to implement such a powerful
guery language are very similar to methods
used in expert systems {also called knowl-
edge-hased systems) {(Kerschberg, 1984).

~ Inanexpert or knowledge-based system,
factual knowledge about the world is combin-
ed with rules human experts in the field typ-
ically apply to achieve more “intelligent” use
of data. An expert system provides a frame-
work to store facts and rules from different
sources, Advanced systems will even help the
acquisition of expert knowledge by asking ex-
perts appropriate questions. A less-experi-
enced user can then exploit the data by apply-
ing the stored combined expertise of several
experts (e.g., knowledge from experts in
assessment, cartography, and real estate
law).

The current research in expert systems,
expert database systems, and knowledge-
based systems seems applicable to LIS. It is
recommended thai those results be applied
and generalized expert system capabilities
built into LIS in lieu of trying to achieve




essentially the same goals with a combination
of very special programs. The fermal frame-
work in expert systems allows easy combina-
tion and general use of facilities which other-
wise have to be constructed several times te
apply only in special cases (e.g., usually they
provide a powerful, extendible language or a
standard user interface).

Recommendations

A query language based on firm mathe-
matical foundations {predicate logic) and with
substantial considerations of artificial intelli-
gence results should be built in a transport-
able form and made available to other re-
search groups and used for prototype appli-
cations.

It must be studied how powerful a lan-
guage is neeessary; a balance between the flex-
ibility of extended languages but very com-
plex and lengthy processing requirements
and a more limited subset with known fast
{engthy processing requirements and a more
limited subset with known fast evaluation
algorithms must be sought. It is recommend-
ed that fast evaluation algorithms must be
sought. Horn-clauses as a powerful subset for
which fast algorithms are known (Robinson
resolution) are also recommended for study.

Organizational Concerns: Data
Protection and Distribution

Much work for computerized LIS starts with
the assumption that the integration of data is
performed by all contributing units bringing
data to a eentrnl place and then using these
collected data jointly. Reality, however, is dif-
ferent. Organizational units may feel strongly
about the importance and/or confidentiality
of their respective data; this is especially true
if cooperation among different agencies, gov-
ernment levels, or private sector organi-
zations is sought.

Depending on specific needs, a unit may
permit other units to use some of the data
they contribute te the LIS, or permit anly
reading but no changes by other units. This
request should be dealt with by the database
management system under the heading "Da-
ta Protection” (see Data Protection, infra).
Sometimes an organizational unit may be
very reluctant to transfer its data to a central
facility and wish to keep it on a computer
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under direct eontrol. Such situations ean be
dealt with by distributed database systems.

It seems very important that for each
data element in a database, a responsible
arganizational unit is determined; it is recom-
mended that only this unit be able to change
the data. Methods for reporting encountered
inaceuracies from other units must be in-
tegrated into the LIS.

Data Protection

A commercial database provides protection
of data from unauthorized users. Any DBMS
used for an LIS must inelude such facilities. It
must be possible to assure that users not gain
access or change, Land information systems
differ [rom ecommercial information systems,
since the deseription of what data are accessi-
ble to a certain user is based not only on enti-
ty and attribute types but also on the spatial
locations of the reference object (e.g., the
assessor of town x may not change assess-
ment records in town y).

Protection of Aggregate Data

Some users may not be authorized to use
some data in a one-unit form but permitted to
use statistically aggregated data. This is
mostly true for confidential data in town ad-
ministrations and for census data. It has been
found that, in general, there are no secure
methods to allow users unlimited access to
ageregate data without compromising confi-
dentiality. Sophisticated users ean retrieve
data in answer to several aggregating quer-
ies and deduce the values for one single indi-
vidual (Denning, 1980). It should be studied
whether the spatial aggregation which is
predominantly used in an LIS is a secure
subset of aggregating operations.

Distributed LIS

In computer networks, it is not necessary
that every organizational unit maintain its
own LIS. It is possible to access data that are
stored in another location. In tore advanced
forms, it is possible to use several databases
at different locations as if they were a single
central database (distributed databases (Day-
al, 1983)).

There are two problems peculiar to LIS.:

1. The data are often distributed based
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on spatial location of the reference object
{e.g., all assessment records for a town are
found in the database of that town, whereas
the assessment records of the next town are
found in the next town. Generally it may be
expected that this form of distribution is
simpler and better controlled than the most
general form of a distributed database as dis-
cussed in the literature (Lampson, 1981).

2. Geometric data are voluminous and
transfers from one location to another may be
unacceptably slow. There are a number of
possible solutions (e.g., faster communication
lines, compression of the data, data replica-
tion at the using site} which are peculiar to
LIS and should be investigated.

Recommendations

It should be studied how the special spatial
distribution of responsibility in an LIS affects
data protection and distribution. Specifically,
the questions of whether spatial aggregation
of data preserves confidentiality and when
spatially aggregated data may be distributed
to third parties are important.

It should be studied from an organization-
al and a technieal point of view how distri-
bution of data and responsibility for data in-
teract and what solutions are adequate.

Data Storage and Retrieval

Building an integrated LIS means storing
large amounts of data and retrieving them to
produee the answers that users need for their
decisionmaking. The concept of database
management systems is to concentrate these
functions in a single software module. This
entails a number of advantages, including the
following:

o A DBMS can be written in a general man-
ner, then adapted {or many different uses.

o A DBMS provides the only access path to
the data and can thus protect the data in
various ways.

Various studies have established that
the standard DBMS used in commercial appli-
cations are not suitable for LIS and other
geometrical-oriented applications (Rehfuss,
1985; Frank, 1980). The database community
has lately started to study so-called DBMS
for nonstandard applications, but it does not
seem likely that a single solution can be
found.

Object-Oriented Database

A database for an LIS should support an
object-oriented approach to software de-
sign. The database must let the application
programer store and retrieve data describ-
ing objects without restrictions on their in-
ternal structure or the operations appropri-
ate for them.

Available database systems show se-
vere restrictions in the methods an applica-
tion ean use to map its data for storage and
often include a large number of functions
which are useful for commercial applica-
tions but lack geometric data types and op-
erations. An object-oriented database de-
sign may match the needs of an LIS design-
er better and it is believed that such a
DBMS can be formally described and thus
made easy to use.

Support for Fast Spatial Access

Land information systems need fast access
methods to databases on spatial location of
the objects to which the data refer. There
are a number of relatively similar systems
which have been published lately. It is not
clear how much they differ and for what
specific application each of them is advan-
tageous.

Multiuser Database

Most commercially available databases
allow two or more users to access simul-
taneously; however the data storage sys-
tems used for geographic and land informa-
tion systems in the past have not permitted
this. It seems important for the application
of an LIS by multiple organizational units
that users be able to access and change data
independent from each other and that the
database manapement system prevent any
undesirable interactions among users.

Currently it is nof known which tech-
niques for controlling multiuser access to
databases is most efficient for LIS. The
specific structure of geometric data and the
respective operations may make some of
them more advantageous than others. A
study should also consider the relationships
among distribution of databases on several
machines, the use of intelligent worksta-
tions for data presentations, and control of
interaction of multiple users.




Long Transactions (Plouffe, 1984)

Traditionally, changes in multiuser databases
are grouped in transactions which lead the
database from one consistent state to the
next, All data affected by a change in a trans-
action are locked and not accessible for other
users. This system is appropriate for the com-
mercial world where changes are small and
immediately concluded. In LIS databases (as
well as in CAD/CAM systems), some connect-
ed changes may take a very long time from
initiation until completion. A locking of all
referenced data during this period may not
be acceptable. {This is especially a problem
with peometric data.) On the other hand, the
changes need to be wrapped into some kind of
a transaction because the database is not con-
sistent while the change is being made.

Recommendations

It is recommended that a study be made to
identify the special requirements an LIS has
for a DBMS and propose operational solu-
tions. The system must support all the fune-
tions the basic query language needs (see sec-
tion on Integration of User Requirements for
Data Retrieval, supra) and should blend well
with an object-oriented approach to software
engineering. The result of the study would be
a formal specification of a8 DBMS for an LIS,
inciuding datastructures and correspending
operations.

An investigation into the response time
and the organization of physical data storage
would be beneficial. This study should include
a comparison of eurrently known methods for
fast spatial access, a description of these
methods in a uniform format and a comperi-
son of relative merits for specifie cases.

The research community would benefit
greatly if such a system could be imple-
mented in a transportable lanpuage and pro-
vided to other groups that are working in the
area.

The transaction concept from commer-
cial databases has to be extended to encom-
pass the so-called “long-transactions” in LIS
and control consistency constraints and mul-
tiuser interaction across such changes.

Presentation of Retrieved Data

Presentation specifications are usually in-
cluded in the query formulations, and presen-
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tation methods are integrated in the query
processing packages. It might be advanta-
geous for interactive graphic operations to
consider database retrieval and presentation
modules jointly. A mode of operation where
the database delivers the refrieval data to a
presentation module which then preduces the
output (e.g., 2 map) seems inefficient because
it requires the presentation module to re-
build the datastrueture which is already pres-
ent in the database. Furthermore, the produe-
tion of map grahies is not so straightforward
that all data necessary can be requested at
the beginning. A mode of interaction among
the different modules should thus be studied.
However, we do not believe that data de-
seribing the graphieal presentation of data
should be included in the database {e.g., place-
ment of names on maps). It has been shown
eloquently by Freeman (1984} that such pure-
ly graphical descriptions depend very much
on the window, scale, and other contents of
the map, and are, therelore, of little value ina
system which produces maps on demand.

Recommendations

The rules for automatic production of map
graphics should be studied, including auto-
matie symbol and name placement and auto-
matie generalization. A [lirst goal of such a
software package should be the automatie
production of acceptable maps for presenta-
tion to the user on sereen (solt copy maps).
The study should concentrate on the neces-
sary fundamental operations to provide for-
mal models of operation.

Conclusion

Integrating data from different users into an
LIS and making these data later available to
users pose a considerable challenge. To build
computerized systems, one needs a more gen-
eral approach than for the design of a sysiem
with a specifie, narrowly defined task. To
achieve the necessary flexibility to {ollow or,
better, foresee changing needs, the funda-
mental building blocks must be identified and
methods for their combination [ound.

Most of the basie requirements for an in-
tegrated data storage and retrieval mech-
anism for an LIS are reasonably well known.
Further efforts to make more detailed lists
by studying mare different user groups are
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not presently necessary. First, the require-
ments should be theoretically analyzed and
formally described. As far as possible,
mathematical methods must be applied and
most general solutions attempted. "Systems
should not be built for our imperfect tech-
nology, but should reflect the inherent strue-
ture of the problem.” {Chrisman, 1985)

It may be necessary to build working
prototypes to prove the feasibility of certain
solutions, and it would be beneficial il trans-
portable modules providing some basie fune-
tions could be written and distribuied o all
research teams in this area.
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