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Abstract: A measurement-based multipurpose cadastral system uses
measurements as the basic carrier of metric information. This concept is
realized by allowing the processing of the measurements to be suspended until
melric information is needed. Least squares adjustment is the tool used to
process the measurements and g direct manipulation user interface provides
appropriate interaction with the System. A measurement database furnishes
convenient management of measurements and related daia, The advantages of a
measurement-based system include incremental implementation, ease of
updating, improvement of Accuracy over time, correct integration of different
data layers, and preservation of background information.

A multipurpose cadastral
system is a framework

that supports comprehensive

land-related information such as
land use, vegetation, buildings,
mineral resources, flood haz-
ards, utilities, income, and pop-

ulation at the parcel level. It
uses a cadastre as the basie
building block. A cadastre is a
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complete and up-to-date official
register or inventory of land
parcels in any jurisdiction con-
taining information about the
parcels regarding their locations
and extensions, and other perti-
nent data such as ownerships,
rights, uses, and valuations
(Dale and McLaughlin 1988;
NRC 1983).

Parcel corners are first
used to define the geometry of
the parcels. Later, they are used
together with other points
which have unique spatial posi-
tions to link and correctly regis-
ter land-related data such as soil
type, vegetation, topography,
hydrology, and utility data. All
these different types of data
which make up a multipurpose
cadastral system are usually
seen as distinct layers superim-
posed on a cadastral layer (Dale
and McLaughlin 1988; NRC
1980). This kind of multipur-
pose cadastre is based on a set
of previously established, and
sufficiently .complete and accu-
rate geodetic control points.

A study by the United
States National Research Coun-
cil (NRC 1980) indicated that
there is a critical need for a bet-
ter multipurpose cadastral sys-
tem at each level of government
to improve land-conveyance
procedures, furnish a basis for
equitable taxation, and provide
much-needed information for
resource management and envi-
ronmental planning. To assist
local level governments in de-
veloping multipurpose cadastral
systems, the National Research
Council later proposed the fol-
lowing implementation steps of
a multipurpose cadastral system
(NRC 1983):
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FIGURE 1.

Measurements are processed and the resulting coordinates are stored in a coordinate-

based system.
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1} establishment of a network of
geodetic cantrol points,

2) preparation of the base maps,

3) preparation of the cadastral ov-
erlay,

4) maintenance of the parcel-regis-
ters and data file; and

5) maintenance of the link be-
tween the cadastre and other
land-related data.

This amounts to a coordinate-
based approach and a system
implemented following such
procedures is called a coordi-
nate-based cadastral system.
The basic idea of coordinate-
based systems is illustrated in
Figure 1.

Several problems are as-
sociated with the above method

of implementation because of
the segmented nature of the
process. First, the sequence of
operations as proposed requires
a large investment of resources
at the beginning and a long
wait before benefits are realized
from the system. This makes a
multipurpose cadastral system
proposition difficult to sell in
the political arena. A number of
attempts to implement a multi-
purpose cadastral system have
met financial difficulties during
this initial period (Bauer 1982;
Wentworth 1989). Second, a
multipurpose cadastre based on
an accurate survey at the begin-
ning naturally decays over time



FIGURE 2,

A survey measurement management system as a supporter of a coordinate-based

multipurpose cadastral system.

sirvey measurement management system

since maintenance of this accu-
rate geometric base which is in
the form of coordinates is diffi-
cult. As a matter of fact, coordi-
nates are not maintainable; ob-
solete coordinate values are
discarded and replaced with
new values. Countries with long
experiences in such systems
plan a ‘renovation’ effort pe-
riodically (Kolbl 1987).

This paper attempts to
describe a model of a multipur-
pose cadastral system where the
implementation unites all the
processes recommended by the
National Research Council above
in a uniform manner, using
measurements as the basic data.
However, a discussion of imple-
mentation details such as the re-
quired data structures is omitted
to limit this paper to a reasona-
ble tength. It is also important
that multipurpose cadastral sys-
tems literature separates the con-
cepts involved in a computer
program from the mechanics of
their implementations.
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coordinate-based system

The next section presents
related work, It is followed by a
discussion of the concepts and
inherent problems of coordinate-
based cadastral systems. A dis-
cussion about networks of con-
trol points as they apply to land
surveying is then presented. The
concepts and advantages of mea-
surement-based cadasiral sys-
tems are presented next, fol-
lowed by a discussion of the
architecture of such systems: the
measurement database, the ge-
ometry module, and the user in-
terface. Conclusions are given in
the last section.

Related Work

The National Geodetic
Survey (NGS) has completed the
readjustment of the National
Geodetic Reference System
{(NGRS) to the North American
Datum of 1983 (NAD 83)
(5chwarz 1989). Some geo-
graphic regions, however, are
found to have a weak relative

accuracy despite an overall im-
proved NGRS for the nation.
Ethridge (1989) described the
use of a measurement database
to upgrade the coordinates of
the NGRS in regions where the
relative accuracy is inadequate.

Jacobi (1988) discussed
how discrepancies of coordinate
values, after a revision or update
of a digital map, can be elimi-
nated if the original photogram-
metric measurements of map
points and geodetic measure-
ments of control points are
stored. In such an arrangement,
new measurements are com-
bined with cld measurements
and are simultaneously adjusted
to obtain a unique set of coordi-
nate values of map points when-
ever a map needs to be updated.
This is in confrast with the nor-
mal practice of discarding the
measurements after the coordi-
nates of the associated points
have been determined, which
makes updating difficult
(Figure 1).

Hintz et al. (1988), Hintz
and Onsrud (1990) and Elfick
{(1989) described systems that
manage surveying measure-
ments, The primary aim of such
systems is to effectively manage
the huge amount of cadastral
measurements inherent in any
cadastral system. The described
systems store cadastral measure-
ments and periodically provide
an updated set of parcel corner
coordinate values by adjusting
all related measurements. Stor-
ing raw cadastral measurements
instead of coordinates, which are
derived quantities, resulted in
systems that are flexible, sensi-
five to changes, and that have
the potential to be legally sup-

Buyong/Kuhn /Frank/URISA [ournal 37



portive (Moreno and Onsrud
1990; NSF 1985).

Although Ethridge's work
was concerned with the NGRS
upgrade, Jacobi’s work was con-
cerned with digital photogram-
metric map revisions, and the
works of Hintz and Elfick pri-
marily support cadastral systems,
they all have several characteris-
tics in common: (1} measure-
ments are second-class objects,
(2) systems are basically mea-
surement management systems
to support coordinate-based sys-
tems, and (3) computed coordi-
nate values are transmitted to
the supported systems. These
characteristics are shown in Fig-
ure 2.

Kjerne and Dueker
(1988) argued that present ap-
proaches to cadastral system im-
plementations do not capture the
spatial relationships between ca-
dastral objects as determined by
surveyors. Only object locations
in terms of coordinates are
known while the knowledge of
why the objects are there has
been lost. They suggested that
by modeling cadastral data using
an object-oriented paradigm (At-
kinson et al. 1989), cadastral sys-
tems are able to: (1) trace the
chain of operations that leads to
a particular object being at a
particular place, and (2) update
an object’s location without hav-
ing to undergo the coordinate
reconstruction. processes again.
An object-oriented structure also
allows flexibility in the order of
entry of data in a cadastral
system and thus permits revi-
sion and updating more easily.
Figure 3 shows this object-ori-
ented concept where, for exam-
ple, parcel X and boundary line ]
know if point P has changed its
position.

3s URISA Journal fRefereed

FIGURE 3.

Parcel X contains two boundary lines and each of the boundary lines contains two

boundary poinis.

- parcel X

The work reported in this
paper extends the works of Eth-
ridge, Jacobi, Hintz, and Elfick,
and integrates the work of
Kjerne and Dueker. In doing so,
the gap that separates the mea-
surement management systems
and the systems they support is
removed; a measurement-based
multipurpose cadastral system
integrates a surveying measure-
ment management system and a
multipurpose cadastral system
(Figure 4). However, it is not just
an integration. In such a set-up
(1) measurements are first-class
objects; (2) measurements are
the basic carrier of metric infor-
mation; and (3) the measure-
ment-management system plays
a dominant role, Efficient man-
agement of measurements and
related data requires a measure-
ment database. A coordinate
database facilitates operations
where the use of coordinates is
more appropriate, An appropri-
ate user interface must also be
integrated.

Coordinate-Based
Systems

Geometric queries to a
multipurpose cadastral system
can be divided into topological
and metric queries. Topological
queries are concerned with the
information that is invariant un-
der topological transformations.
Metric queries are those based
on the notion of a distance. The
question whether or not a house
is inside a parcel is a topological
question, while a question about
the length of a boundary line is
a metric one. Figure 5 illustrates
the two types of queries.

The principal concept of
a coordinate-based system is that
the stored coordinate values are
the primary sources of data pro-
viding answers to metric queries
and possibly to topological quer-
ies as well. For example, if we
query a coordinate-based system
about the frontage of a parcel,
the information is obtained by
calculating the length of the



FIGURE 4.

The concepts of measurement-based multipurpose cadastral systems.
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boundary line from the coordi-
nate values of the end points.
An implementation of a
coordinate-based multipurpose
cadastral system starts with the
establishment of a stable geo-
detic control network and the
preparation of the base map.
Later, measurements between
parcel corners and other object
points are adjusted to fit the
control network. The adjusted
coordinate values of parcel cor-
ners and other objects of interest
are stored in the database. The

coordinate
management

coordinate
database
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coordinates from that time on
serve as the basic and only car-
riers of meiric information in the
system, making the original
measurements obsolete.

The implementation of a
coordinate-based sytem is sub-
stantially different form the tra-
ditional method of surveying. In
the past, the measurements were
kept and carefully guarded (usu-
ally in the form of field books)
after the maps or plans were
drawn. The old measurements
were usually consulted for
related new work. For example,

original measurements are
utilized in the restoration of a
lost boundary mark or in the
subdivision of a land parcel. Un-
fortunately, the principle of
guarding the old measurements
is endangered by the advent of
computerized cadastral systems.
Today’s multipurpose cadastral
systemns are built solely on coor-
dinates with no linkages to mea-
surements.

In many cases, parcel
corners and other objects are
digitized from old maps and
plans because of speed and .
economy. The digitized coordi-
nate values are then transformed
to conform with the underlying
coordinate system of the geo-
detic control network. In such
situations, the actual measure-
ments do not exist in the con-
struction of the system and can
never be consulted if the need
should arise.

Coordinate-based multi-
purpose cadastral systems have
several problems. The problems
range from the time of initial
conception and financing of the
system to the actual implemen-
tation and maintenance. This
multitude of problems has been
described by several authors
(Bauer 1982; Dale and Mc-
Laughtin 1988; Friedley 1989;
Hebblethwaite 1989; Masters
1988; Scott 1987} and can be
grouped into two general cate-
gories: implemnentation and
maintenance.

Implementation

Creation of a good cover-
age of control points requires
much effort and capital invest-
ment. These are the early obsta-
cles to the implementation of a
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coordinate-based multipurpose
cadastral system. Although satel-
lite positioning techniques such
as the Global Positioning System
(GPS) have made this task more
manageable, its cost is still be-
yond the limit that could easily
be afforded by most local gov-
ernments such as municipal and
county administrations. Besides
the cost of setting up the control
points, the cost of converting ca-
dastral and other related data
into digital format to be stored
in the database has to be consid-
ered, and experiences have
shown that this cost is quite sub-
stantial (Parent, Joffe, and Finkle
1989; Thompson 1988),

Since a lot of expenses
accrue at the time of system ini-
tiation, a coordinate-based sys-
tem implementation demands a
heavy investment at the begin-
ning. There is also a long lead
fime from the moment of invest-
ment to the time the system can
be used due to the sequenial
implementation procedure.
Elected officials, with public de-
mand to minimize taxes and ex-
penditures, find it'hard to make
a large investment where the
benefits may not be perceptible
to the public for quite a few
years. Because of the high front-
end costs and small immediate
return, elected officials (usually
with short terms of office) tend
to concentrate on other short-
term issues and problems
(Dueker 1987).

Maintenance

The maintenance issues
mostly revolve around updating
the coordinate database and base
map. The problems can be orga-
nized into four categories: (1) the
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FIGURE 5.
Topalogical and metric queries,

what is the set-back distance = metric query
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is the house inside the parcel = topological query

integration of new measure-
ments with existing coordinate
values; (2} the integration of
high-quality new measurements
with low-quality coordinate val-
ues; (3) the continuously chang-
ing coordinate values of parcel
corners; and (4) the evolving ac-
curacy requirements of base
maps.

Integration of new measure-
ments with coordinate values:
Integrating new measurements
with stored coordinate values
that were either computed from
earlier measurements or digitized
from other sources is an in-
volved and expensive process.
The correct method would be to
obtain the earlier measurements
and recalculate the coordinate
values of all points after new
measurements have been inte-
grated. This method of updating
a coordinate database is seldom
used because of considerable ef-

forts to recover the earlier mea-
surements, if they are still avail-
able at all. The other option is to
use a sequential adjustment
technique. This method, how-
ever, requires the variances and
covariances of the points from
prior adjustments. Although
storing the variances of point co-
ordinate values may be justifia-
ble, storing a huge amount of
covariances is a forbidding task.
To store the covariances of
10,000 points could require the
storage of up to (2X10,000)2
values.

Integration of high-quality
new measurements with low-
quality coordinate values. Ex-
isting coordinate values in a sys-
tem tend to be of lower quality
than new measurements. The
coordinate values are obtained
either by digitizing from various
maps and plans or computed



from old measurements, which
were acquired using less precise
instruments and sometimes du-
bious procedures. Integrating
new measurements acquired us-
ing today’s high-technology in-
struments intoc existing coordi-
nate sets poses & difficult
problem. Most of the methods
utilized do not take into consid-
eration the quality of the existing
coordinate values and the new
measurements, As a result, there
is a danger that precision is lost
because new measurements are
downgraded by fitting them into
existing coordinate values. Dis-
carding existing coordinates, on
the other hand, may result in a
loss of information.,

Shifting effect of the cadastral
layer: Layers of information in
a multipurpose cadastral system
are usually integrated through
property corners, However, co-
ordinate values of property cor-
ners in the cadastral layer are
subject to constant updating due
to, for example, new sub-divi-
sion surveys, uncovered errors
and blunders, and re-adjustment
of the underlying geodetic refer-
ence framework (Hebblethwaite
1989). Since a coordinate-based
system stores only coordinate
values and discards the mea-
surements that link the objects
on the various layers, it loses
the medium to propagate the
changes of coordinate values in
the cadastral layer to the other
layers. As a result, it appears
that the cadastral layer has
moved when different layers of
information are overlayed.

The adoption of a new
datum (NAD 83) is an example
of a process which causes the
shifting effects (Bossler 1987).
The problem arises after the

new datum has been incorpo-
rated into the cadastral layer,
for example, by readjusting
measurements that are specific
to this layer using the redefined
control point coordinate values.
While the parcel boundary
points tied to geodetic control
have been readjusted to the
new datum, points in all other
layers are still referenced to the
old datum. The apparent shift
of the cadastral layer with re-
spect to the other layers when
the overlay is done makes the
information produced by such a
system inconsistent (Figure 6).

Accuracy of base maps: The
accuracy with which base maps
are prepared depends on the
use and value of the land. As
the use of land changes over
time, the quality of base maps
may become insufficient making
a re-survey to improve the accu-
racy necessary. Since it is gener-
ally impossible to accurately
predict where development will
occur, the recommended proce-
dure is to measure the whole
area according to a higher stan-
dard and prepare the base maps
for higher accuracy than ac-
tually warranted. This practice
of preparing base maps for pos-
sible future growth and needs
that are still uncertain can be a
waste of resources.

Control Points

The majority of the
problems inherent in present
implementations of multipur-
pose cadastral systems is associ-
ated with the notions of net-
works of control points and
hierarchical adjustments. Re-
thinking these notions opens up
another view of position deter-

minations and thus a new way
of implementing a multipurpose
cadastral system.

A network of control
points is a set of points which
may or may not be realized on
the ground and whose coordi-
nate values have been deter-
mined from a survey. The coor
dinate values of the control
points are used as the basis for
other dependent surveys. The
surveys from which the control
point coordinate values are ob-
tained, known as control sur-
veys, are usually of higher pre-
cision than the dependent
surveys (NGS 1986).

The concept of control
surveys and subsequent surveys
is due to the classical methods
of land surveying, primarily the
hierarchical network adjustment
perspective (Bomnford 1975). Be-

1

‘fore the widespread use of com-

puters, it was impossible to es-
tablish coordinate values of a
set of points for an area of sig-
nificant extension based on a
single network adjustment, Sur-
veyors lacked computational
tools that enabled a large num-
ber of equations to be solved si-
mudtanecusly. Even the meth-
ods employed in adjusting small
networks attempted to reduce
the number of equations to be
solved by, for example, adopt-
ing the condition equation
model (Bomford 1975).

The solution to the prob-
lem was to break up the task
into smaller tasks using the
principle of hierarchical network
design. Consequently, this gave
rise to different qualities of net-
work points (characterized by
the order of networks) with dif-
ferent levels of precision, and a
heirarchy of adjustments where
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FIGURE 6.
The cadastral layer appears to have been shifted with respect to the utility layer.
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(b} the utility lines appear 1o have shlfted after parcel corners have
adopted a new set of coordinates

the coordinate values of the lower-quality network points,
higher-quality network points The coordinate values of the
govern the adjustment of the higher-quality points are usually

held fixed (error free) in the ad-
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justments to determine the coor-
dinates of lower-quality points,
With the availability of
digital computers and the speed
of computing today, a greater
number of equations can be
solved at any single time. A
larger number of measurements
can be adjusted simultaneously
and thus, for a lot of cases, ficti-
tiously subdividing a network
into a hierarchy is unnecessary.
Network points in de-

~ pendent surveys should not be

labelled as control points. The
quality of network points
should be determined purely
from the precision of the coordi-
nate values after the network
measurements have been simul-
taneously adjusted; high-quality
points are points with more pre-
cise coordinate values, i.e,, small
variances, To have high-quality
points, precise measurements in
sufficient density are needed as
opposed to fallaciously dividing
the points into different quali-
ties dictated by the adjustment
capability.

Measurement-based mul-
Hpurpose cadastral systems will
adhere to this approach. There is
no reason to retain the old phi-
losophy in an age where com-
puting power is readily avail-
able. If partitioning of points is
necessary, it should be done
spatially (by regions), not hierar-
chically. Many advantages are
expected from adoptmg this
idea.

Concepts Of
Measurement-Based
Systems

The fundamental concept
of measurement-based multipur-



pose cadastral systems is that
measurements are the carriers of
metric information (Buyong and
Frank 1989). Consequently, up-
dating a database of a measure-
ment-based system with new
measurement information only
requires the addition of the
measurements to the database.
Users can directly communicate
their original information to the
system. Re-computation of coor-
dinates is not imperative and
can be deferred until needed by
queries. The disseminated met-
tic information is always up-to-
date because the latest measure-
ment can be infegrated into the
processing,.

Implementation of a
measurement-based system re-
quires measurements to be
stored in the database (Buyong
and Frank 1989; Elfick 1989;
Ethridge 1989; Frank and Stude-
mann 1984; Hintz and Onsrud
1990; Jacobi 1988; Kjerne and
Dueker 1988; Weitzman 1989)
such that they become accessi-
ble for future use. These mea-
surements include measurements
between higher-quality points
(in coordinate-based systems,
such measurements are known
as control point measurements),
parcel boundary measurements,
and measurements of other ob-
jects of interest.

Although measurements
are the primary source of metric
information, coordinate values
are used where it is more ap-
propriate. Graphical representa-
tion, spatial database access,
and other tasks that do not
need accurate and up-to-date
information are examples where
coordinates are useful. To satisfy
the needs of these tasks, coordi-

nate values are stored (Alonso
et al. 1988). Thus, instead of re-
computing the coordinate values
each time a graphical represen-
tation of parcels is requested,
the stored values are retrieved.

Periodic global process-
ing of the measurements in the
system is necessary to fulfill the
need to have a reliable and con-
sistent copy of coordinate val-
ues. This can be realized in sev-
eral different ways. Two of the
ways are: (1) to make the sys-
tem process the measurements
at certain pre-set time intervals;
for example, at night when
most computers are essentially
idle, or (2) after a certain num-
ber of measurement changes
have occurred.

Advantages Of
Measurement-Based
Systems

A measurement-based
multipurpose cadastral system
has several practical advantages
over a coordinate-based imple-
mentation. The advantages lie
primarily in the ease of updat-
ing, incremental implementa-
tion, systems as by-product of
standard activities, improvement
of accuracy over time, correct
integration of different layers,
preservation of background in-
formation as well as in several
economic benefits.

Updating: The existence and
the value of each measurement
in a measurement-based system
are independent of other mea-
surements. This makes system
updating easy. Integration of
new measurements is done sim-
ply by adding the measure-

ments into the database. Old
and inaccurate measurements
can coexist with better values or
be deleted from the database
without difficulty. The ease of
updating also allows an organi-
zation to keep the data in a
measurement-based system al-
ways current. Since answers to
meitric queries are processed
only at the time they are
needed, the latest available data
can be incorporated. Thus, the
information a measurement-
based system provides is always
up-to-date. It is anticipated that
this advantage will become
more significant as the function-
ality of a multipurpose cadastral
system becomes more complex
and the demand for accurate
and up-to-date information in-
creases.

Incremental implementation:
The implementation of a mea-
surement-based system can start
with a small area of immediate
concern such that a system with
the necessary functionality can
be set up rapidly. As fime goes
on and when money and man-
power become available, neigh-
boring areas can be incorpo-
rated by adding relevant
measurements into the database.
Islands that are initially devel-
oped independently can also be
linked together.

System as a by-product of
standard activities: Measure-
ment-based systems do not de-
mand special up-front data col-
lection tasks. Existing .
measurements, however defi-
cient, will form the basis of
multipurpose cadastral systems
and are supplemented by new
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measurements as they become
available. The new measure-
ments may come from standard
daily operations of surveyors,
like subdivision, refixation, and
retracement surveys.

Improvement of accuracy: A
measuremeni-based system can
be set up with limited quality
measurements, As expecied, the
accuracy of such a system is
poor. However, the accuracy of
the system improves as the sys-
tern matures and more measure-
ments are added. The improve-
ment of accuracy can occur by
special efforts, like the addition
of GPS measurements, or from
daily operations of surveyors.
With the availability of more
precise instruments o survey-
ors, cadastral measurements
from standard activities cer-
tainly coniribute to the im-
provement of the accuracy of
the system. No extra overhead
is required to support accuracy
improvement since all proce-
dures remain the same but are
supported by a higher degree of
automation and integration.

Integration of layers: In a
measurement-based system, the
measurements that determine
the coordinate values of points
in non-cadastral layers relative
to property corners are kept in
the system. Thus, the changes
in the coordinate values of
property corners in a cadastral
layer, due to whatever reasons,
are automatically propagated to
other layers through these mea-
surements. This is a special case
of the integrated geometry con-
cept (Frank and Kuhn 1986).
The adoption of a new
geodetic datum for the cadastral
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layer in multipurpose cadastral
systems, e.g., the current adop-
tion of the NAD 83 datum to
replace the NAD 27 datum, will
produce no discrepancies in
measurement-based systems.
This is because coordinate val-
ues of points in all layers of in-
formation are computed from
relevant measurements as they
are needed. This ensures correct
relative positions between
points in the cadastral layer and
points in other layers when the
two layers are superimposed.

Preservation of background in-
formation: A measurement-
based system retains the origi-
nal measurements and their
quality information (variances).
Preserving the original data as
opposed to the massaged data
provides evidence for any infor-
mation the system offers; users
can determine the basis of an-
swers to queries. The quality in-
formation about measurements
in a system permits relative
weights to be placed on them. It
is foreseen that the availability
of measurement variances will
become one of the most impor-
tant advantages as users become
aware of the need to keep track
of the quality of metric informa-
tion (Chrisman 1984; Goodchild
and Gopal 1989; Robinsen and
Frank 1985). A system with
such capability affords a major
step toward the goal of a legally
supportive multipurpose cadas-
tral system (Moreno and Onsrud
1990; NSF 1985).

Economic benefits: Among the
economic benefits resulting from
the technical advantages dis-
cussed above are the low start-
up capital and the short lead-

time from the moment of in-
vestment until a system can be -
used. First, the high cost of set-
ting up a good coverage by a
control network is avoided be-
cause its prior completion is un-
necessary. A measurement-
based system also avoids the
up-front cost of converting data
from the entire project area into
digital format. The ability to im-
plement the system in a gradual
manner, starting with a small
area of immediate concern, also
makes large start-up capital un-
necessary. Second, with a small
area of initial implementation, a
measurement-based system can
be used as soon as it is set up.
The benefits of having the sys-
tem can be realized much faster
and, most probably, the system
can financially support itself for
expansion if some kind of user
fees are imposed. Thus, the
small start-up cost, quick return
on investment, and ability to
quickly support itself make it
more likely to gain support
from the funding authority.

System Architecture

In the last two sections,
the concepts of a measurement-
based multipurpose cadastral
system and several advantages
it offers have been presented.
The most important of all are
the economic advantages which
are no doubt the prime criteria
for successful implementations.
In this section, the architecture
of a measurement-based system
will be described. Because mea-
surements are the primary data
in a measurement-based system,
the discussions of the design ar-
chitecture are focused on them.



vIeasuremenrf Database

Measurements are ab-
itract relationships providing
netric information about a set
»f points. Points can either be
youndary points or survey
oints. Boundaxy points define
he geometry of parcels, i.e.,
heir location and extenision.
[he location and extension of
xuildings, roads, rivers, utility
ines, and like features are de-
:ermined from the associated
survey points.

The stored measure-
mnents can be categorized ac-
-ording to their sources: (1) ter-
-estrial measurements, (2) GP5
measurements, and (3) digitized
Jata.

Ferrestrial measurements:
Terrestrial measurements en-
;ompass horizontal angles, hori-
zontal distances, directions,
pearings, and azimuths. These
are the common forms of mea-
surement found in surveying
networks. While all types of
measurements provide relative
positions of points, azimuth and
bearing measurements give one
extra piece of information: they
also provide the orientation of
the network with respect to the
adopted reference frame.

GPS measurements: This cate-
gory of measurement is highly
accurate and available only at
selected points in a project area.
Due to their inherent high accu-
racy, GPS measurements can be
used to define the reference
frame and to provide a homoge-
neous system of coordinates be-
tween isolated areas in a multi-
purpose cadastral system. Their
high accuracy also makes them
useful for curbing error propa-

gation from other categories of
measuremernts.

Digitized data: This is proba-
bly the cheapest type of
(pseudo) measurements. Digi-
tized data can be obtained from
hard-copy maps and plans.
They can be used to set up a
system initially and can become
the predominant category of
measurements at the beginning,
although this is not a require-
ment—a measurement-based

system can be built without any

digitized data. Other types of
measurements can later gradu-
ally be introduced into the sys-
tem. It should be kept in mind
that digitized data must not be
left alone to provide metric in-
formation as this would just
create another coordinate-based
syster.

Points, lines, and poly-
gons are other major objects in
the database beside measure-
ments. Each object has particu-
lar properties called attributes
that describe it. Examples of
some of the prominent attri-
butes of the objects are:.

1) Measurements—observed val-
ues, variance, observer and
date observed

2) Points—point number, coordi-
nates, coordinate variances
and point types

3) Lines—lines types

4) Polygons—polygon types and

area .

Geometry Module

In order for the measure-
ment-based system to have a
usable representation of the
geomeiric properties of the real
world, measurements must be
processed before any metric in-

formation is dissemninated. Mea-
surement processing combines
available measurements, detects
blunders in the measurements,
and imposes additional geomet-
ric consiraints if necessary. The
most suitable measurement pro-
cessing method is the technique
of least squares adjustment
(Mikhail 1976).

The method of least
squares allows all categaries of
measurements, each with differ-
ent accuracy, to be processed in
an integrated way. Measure-
ments can be independently
weighted and the inverse of the
measurement variance, ex-
pressed in some standard unit,

is a natural choice for the

weight. The contribution of each

. measurement to the coordinaie

values is thus determined by its
variance. Since measurements
with small variances will have
large weights, their contribution
to the adjusted coordinate val-
ues is more significant than the
contribution of measurements
with large variances. These are
desired properties for integrat-
ing lower-accuracy terrestrial,
cadastral or digitized coordinate
measurements with higher-accu-
racy GPS measurements to ob-
tain an optimal solution. The
method of least squares also
permits easy integration of non-
measured data, known as a
priori information, in the mea-
surement processing,.

A pre-processing module
is required for each measure-
ment type due to the availability
of a mixture of categories of
measurements and a number of
parameters on which each mea-
surement category is dependent.
With the pre-processing, each
measurement fype is prepared
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for input into the least squares
adjustment module in a uniform
manner. Much of the unwanted
or nuisance parameters and sys-
tematic effects are eliminated
during measurement pre-pro-
cessing.

Blunders of various
kinds may be present in the
measurements stored in a sys-
tem. A system will lose its trust-
worthiness if the information it
produces contains excessive
blunders. A blunder-detection
algorithm based on a sound sta-
tistical foundation can be inte-

grated into the adjustment mod-

ule. This way, blunders of
significant magnitude are detect-
able prior to the information
being given out. Procedures for
post-adjustment blunder detec-
tion are discussed by Baarda
(1967) and Pope (1976}, These
methods of blunder detection
can be employed immediately
after an adjustment has been
carried out. A technique to de-
tect blunders before an adjust-
ment, introduced by Vonderche
and Hintz (1987), can be used
during the measurement pre-
processing stage.

Geometric constraints
can be incorporated into the ad-
justment to improve the accu-
racy of information furnished,
Simple examples of geometric
constraints are perpendicularity,
colinearity, and parallelism.
These constraints are useful in
areas where the quality of the
available measurements is insuf-
ficient to accurately determine
the desired geometry; for exam-
ple, when only digitized coordi-
nates are available, the low
quality of digitized coordinate
values makes additional con-
straints a valuable supplement.”
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There is no difference between
a measurement and constraint
from the data modeling perspec-
tive; for example, it does not
make any difference whether a
distance is measured 10 meters
or it is constrained to be 10 me-
ters (Kuhn 1990). Hesse, Ben-
well, and Williamson (1990) dis-
cussed the application of
geometric constraints to digi-
tized cadastral data in a multi-
purpose cadastral system.

For practical reasons, not
all the measurements in a data-
base are adjusted whenever co-
ordinate values of some points
are needed to answer queries.
Only measurements around the
neighborhood of the queried
area that significantly influence
the desired results need to be
processed. This is due to the lo-
calized nature of surveying in-
formation propagation (Halmos,
Kadar, and Karsay 1974). Judg-
ing from experiments carried
out using simulated terrestrial
data, it is only necessary to in-
clude measurements up to four
measurements away around an
area of interest. Inclusion of
more distant measurements
does not significantly improve
the adjusted coordinate values
of the queried area points (Bu-
yong and Kuhn 1990).

As mentioned before, the
geometry module is a tool to
obtain usable metric representa-
tion from measurements. This
tool, as a complete package,
may be unavailable on the mar-
ket. Since the theories, however,
are relatively well understood,
creating the package is not seen
as a major task. Several good
surveying network adjustment
programs with blunder detec-
tion and additional constraint
capabilities such as OPTUN

(Grundig and Bahndorf 1984),
CANDSN (Mepham and Krak-
iwsky 1984), and STAR*NET
(Curry and Sawyer 1989) are al-
ready available on the market.
A geometry module can be built
around any of these programs.

User Interface

Direct manipulation in-
teraction has been generally ac-
cepted to be an effective form of
human-computer interaction as
evidenced by its use in Macin-
tosh computers, Microsoft Win-
dows on IBM-PC micro-com-
puters, and Unix operating
systems. It is especially suitable
for treating spatial objects be-
cause it takes advantage of the
spatial properties inherent in
such objects. The user interface
for measurement-based multi-
purpose cadastral systems
should adopt the direct manipu-
lation concept.

The user interface for
measurement-based systems
should support objects that are
meaningful to the users, i.e., the
different types of measurements
(such as angles, distance and di-
rections); points (such as bound-
ary and survey points); lines
(such as boundary and survey
lines); and polygonal objects
(such as parcels and buildings).
A set of operations to manipu-
late the objects must be pro-
vided; input, edit and delete op-
erations are needed for storing,
modifying and removing objects
in the database, and a find op-
eration is needed for searching
objects in the database when at
least one of their attribute val-
ues is known.

The most important re-
quirement for the direct manip-



FIGURE 7.

Graphical representations of the different types of measurements.
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ulation user interface is the vis-
ualization of the objects to be
manipulated (Shneiderman
1987). Without the different ob-
jects being displayed on the
screen, direct manipulation is
not possible, Figure 7 shows
possible representations of the
different types of measurements.
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The operations of the
user interface can be repre-
sented as menu items, orga-
nized in the form of pull-down
menus. They are grouped ac-
cording to their semantics rele-
vant to the user’s tasks. For ex-
ample, operations directly
relevant to the cadastral objects
such as input, edit, and delete

The use of different windows to reduce the complexity of the display.
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are grouped together and are
separated from operations that
are concerned with the display.
A display that shows all
the objects in an area is not
conducive to effective human-
computer interaction because of
the limited size of the computer
screen and the existence of an
upper bound of human percep-
tion of the complexity of graph-
ical representations. Given a
typical area of a multipurpose
cadastre that may be in the or-
der of several thousand square
kilometers, and the availability
of several different types of ob-
jects which sometimes are clus-
tered to a few selected places, a
way to reduce the complexity of
a display must be provided.
The reduction in the dis-
play complexity can be achieved
through effective use of multiple
windows (Herot 1982; Jackson
1990). A small reference win-
dow is used to display an over-
view of the entire scene and a
bigger main window is used to
display a portion of the selected
scene at a larger scale. Two leg-
end windows permit the user to
select only certain types of ob-
jects to be displayed; one leg-
end window deals specifically
with the different types of mea-
surements while the other win-
dow deals with the rest of the
objects. Figure 8 shows the dif-
ferent windows of the user in-
terface with only parcels being
displayed in the main window.
Interfaces to transfer
measurement data from data
collecting systems such as auto-
matic field data collectors, pho-
togrammetric triangulation sys-
tems, and GPS receivers must
also be provided. Such inter-
faces provide convenient and
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easy input of measurements that
originate from these measuring
systemns. Editing of these mea-
surements can be performed in
the same way after they have
been stored in the system.

Conclusion

A measurement-based
multipurpose cadastral system
uses measurement data as the
basic carrier of metric informa-
tion. This concept is realized by
allowing the processing of the
measurements to be suspended
until information is needed.

A measurement data-
base, a geometry module, and a
user interface are the three ma-
jor components of the architec-
ture of a measurement-based
system. The geometry module
contains measurements pre-pro-
cessing, processing, and blunder
detection algorithms, An effi-
cient management of the mea-
surements is furnished by the
measurement database, A user
interface that presents objects
that are meaningful to users in
a very simple fashion is indis-
pensable for the system.

The advantages of a
measurement-based system over
a coordinate-based system are
significant. An implementation
does not require prior comple-
tion of a network of control
points. Initially, a measurement-
based system can be imple-
mented within a small area of
immediate concern and ex-
panded at a later stage when
needs and resources warrant it.
Thus, it requires a low start-up
capital and provides faster re-
turns on the investment. New
measurements can be integrated
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easily and the overall precision
of a systemn improved over time,
as more or better measurerments
are added. Changes in the posi-
tion of parcel corners are auto-
matically propagated to other
non-cadastral layers through the
stored measurements. The back-
ground information which de-
termined the location of parcel
corners and their accuracies is
also retained in the system.

The evolutionary and in-
cremental approach to building
a measurement-based multipur-
pose cadastral system is espe-
cially attractive. Its implementa-
tion strategy is suitable for local
governments such as municipal-
ities and counties. These are the
organizations that really need a
multipurpose cadastral system,
but lacked the funds to pursue
the idea; the implementations of
coordinate-based systems re-
quire substantial preparatory
tasks to be completed before the
system could be used.
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