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Terrestrial Methods in Surveying, Mapping and
Establishment of Geographic Data Bases

Invited paper, Cambridge Conference for National Mapping Organisations,
St John’s College, 25 July - 1 August 1995

by C-G Persson
Geodetic Research Division
National Land Survey
S-801 82 Gavle
Sweden

Abstract

Terrestrial (geodetic) techniques for surveying, mapping and establishment of geo-
graphic data bases include conventional methods — with theodolites, EDM instru-
ments, total stations and levelling instruments as primary tools — as well as GPS and
inertial techniques. As in most other disciplines today the modern geodetic methods
are to a great extent digitally oriented.

These techniques and methods are briefly described and compared. Their applica-
bility in different situations is evaluated, and examples of possible combinations of
terrestrial techniques are given.

The role of, and techniques for, geodetic control surveying — as a tool for establish-
ing reference systems for all types of data collection — are described, and the
acquisition of geographic data for both “small scale” (national/regional) and “large
scale” (local) applications is discussed.

The approach is general but the description is mainly based on experiences from
research, development and production at the National Land Survey of Sweden, thus
focusing somewhat on Swedish conditions.

Trends within Geodesy

Geodesy as a science has always provided important support for e.g. mapping,
cadastral activities, civil engineering and — together with astronomy — for navigation.
The development within geodesy has successively given rise to new possibilities
within the fields it supports, and at the same time the needs of these fields have, to
a large extent, governed geodetic research and development.

Astronomy has now, in principle, lost its role in navigation and been replaced by
“artificial celestial bodies”, satellites. These are also used in geodesy, resulting in
even closer ties between geodetic surveying and navigational positioning. In spite of
satellite technique’s substantial influence on geodetic work today, there are also
other new techniques in use, e.g. inertial technique for geodetic/geographic data
capture. Furthermore, there are various ways of combining old and new techniques
and methods, such as GPS, inertial and conventional techniques.

In addition, traditional surveying as such has developed considerably. Thus, the
introduction of integrated digital instruments, together with increased computer
support in field work, has resulted in continuous digital production lines — from the
measurement in the field to the storage of data in a geographic data base.



Trends within Cartography

Cartography is also digitally oriented nowadays. For several decades map data
bases were built up, and plotters were used for producing the output, but now the
trend is towards totally digital production lines within map production as well. A
similar development exists within CAD (Computer Aided Design).

For a long time the goal in computer aided mapping and in CAD was to make the
production of maps and drawings more efficient. Today, however, the goal is to
directly utilize digital data — in planning, analysis, map use etc.

The same trend is evident in the introduction of Geographic Information Systems
(GIS). These are based on geographic data bases and contain powerful tools for
analysis and presentation of geographic information. However, mapping is only one
of several applications to be served by a GIS. Analyses in other ways than via map
output are at least as important.

A basic idea in the GIS development has been that the same data should be suit-
able for use in different contexts. It should, for example, be possible to work in paral-
lel at different scales, and the geographic data bases should have such contents
and structure that the demands within different application fields can be supplied
simultaneously. The application with the strongest demands — regarding e.g. accu-
racy and/or up-to-dateness — therefore very much governs the design of a data base
and the methods to be used in data capture and updating.

Geodesy in a Modern Cartographic Perspective

Geodetic methods are used in mapping and the establishment of data bases in two
principally different ways: on one hand as a tool for establishing reference systems
— through control networks — for positioning of geographic objects, on the other hand
in connection with the data capture itself.

The strength of traditional geodetic surveying, nowadays, is within local measure-
ments — in this context the same as large scale mapping and establishment of “large
scale” (detailed) data bases. Among its advantages may be noted

« the high accuracy, yielding well defined control networks and reference
systems as well as high geometrical quality in the data bases

« the closeness to the objects to be positioned, i.e. “close sensing” in con-
trast to the remote sensing used in photogrammetric and satellite based
data capture methods

« the comparatively uncomplicated work, which can be performed with rela-
tively inexpensive equipment, with short notice and with one’s own staff.

Geodetic surveying is especially suitable in connection with updating, but is used
more and more also in the original data capture. With the introduction of the GPS
technique, the geodetic methods have become even more competitive. The possi-
bilites of very accurate measurements remain but, in addition, the range has
increased considerably and in many applications time as well as costs have been
reduced.



GPS - a Revolution in Surveying

GPS (Global Positioning System) is a satellite-based system for navigation and
positioning, developed by the US military defence. It is primarily designed for military
purposes but is also available for civil use. The use in itself is free of charge. The
system consists of 24 satellites, moving in orbits c. 20 200 km above the Earth’s
surface with a period of almost 12 hours. The satellites transmit coded signals on
two frequencies, L7 and L2. The system is being controlled from an operation centre

in Colorado Springs.

The basic principle for positioning with GPS is the measurement of distances
between the receiver antenna and the satellites which have known positions. From
observations of at least four satellites the difference between the clocks of the GPS
receiver and the satellite system can be estimated and the X, Y and Z coordinates of
the receiver determined. A number of methods for measurement and computation
have been developed to meet the demands from various applications, regarding for
example positional accuracy and up-to-dateness.

In absolute positioning, only the data transmitted from the satellites are used. This
yields a positional accuracy of the order of 50-100 metres. To improve the quality
one can resort to relative positioning, i.e. simultaneous measurements at two or
more stations. Depending on the observational and computational methods a rela-
tive positional accuracy can be achieved of a few metres (code measurement) down
to some centimetres (carrier measurement).

The GPS measurements can be performed either with a static receiver (static posi-
tioning) or with a moving receiver (kinematic positioning). Also an intermediate mode
exists, semi-kinematic positioning. The result is obtained either immediately during
the field work, i.e. in real time, or through postprocessing of the observational data.

The arrival of the GPS technique has caused somewhat of a revolution in navigation
and positioning. Towards the turn of the century, a more or less complete break-
through can be expected for GPS in geodetic surveying.

Permanent Reference Stations for GPS

One way of performing relative GPS measurements is by using permanent refer-
ence stations. Such a station is located on an accurately determined point. It con-
sists of a permanent GPS receiver carrying out continuous observations, together
with equipment for computing corrections for real time measurements and storing of
postprocessing data.

The accuracy of the measurements depends on the distance to the reference sta-
tion. To cover large areas — e.g. a whole country — usually several stations are
needed, forming a reference station network. In such a network there arises a need
for an operation centre, for operation and supervision of the reference stations and
storage of collected data. There is also a need for equipment for data communica-
tion within the net and data distribution to the users.

The same reference station network can be used in several different applications,
e.g. navigation, connection of local control networks and data capture for geo-
graphic data bases. This combined utilization makes the necessary, quite heavy
investments very efficient.



In Sweden, the National Land Survey (NLS), in co-operation with Onsala Space
Observatory and the Swedish broadcasting company Teracom, has established the
reference station network SWEPOS (Jonsson and Hedling, 1994). It consists of 20
stations and is designed for navigation, mainly on land, as well as geodetic position-
ing — in real time as well as through postprocessing.

The SWEPOS network has been determined in the national coordinate and height
systems as well as in the new reference system SWEREF 93 (Reit, 1994). The latter
can be looked upon as the Swedish realization of WGS 84 (World Geodetic System
1984), it becoming thereby possible to utilize GPS rationally and at the same time
maintain a link to the traditional geodetic systems.

Data Capture for GIS using GPS

GPS can be used in several ways for data capture for GIS (Persson and Persson,
1994) and mapping. Usually relative GPS measurements are required, e.g. using
permanent reference stations, but different measuring principles (code measure-
ment, carrier measurement etc.) may be applied depending on the accuracy re-
quired.

In a somewhat simplified manner, however, one can look upon GPS as a “black
box” which produces coordinates more or less accurately, in real time or after post-
processing. This “box” consists mainly of a GPS receiver with an antenna, field
computer for data storage and computation, a battery and (possibly) radio or tele-
phone equipment for receiving corrections from the reference stations.

GPS can be utilized separately or as support for positioning in other data capture
systems or sensors. The technique can be used in creating the geometry in all kinds
of geographic data bases, whether they contain information about topography,
geology, vegetation or anything else. Since a field computer is supposed to be
included in the equipment, there are also possibilities for a simultaneous collection
of digital attribute data.

Among the advantages with the GPS technique we have already mentioned high
accuracy, wide range, options for real time measurement (i.e. prompt handling of
data) and closeness to the objects to be measured. In addition, a common reference
station network implies a common reference system and, therefore, order in the
handling of coordinates which is also an important quality parameter.

Of course this new technique still has some teething problems, although the rapid
development here speaks in favour of GPS soon becoming an every-day-technique.
Among remaining problems worth mentioning are:

e The measurement is simple but the computation requires deeper insights,
into GPS as well as e.g. coordinate systems. The computer programs,
however, are steadily becoming more user-friendly.

e Generally speaking, there is a shortage of GPS competence today (at
least in Sweden). Since GPS is now becoming a standard part of survey-
ing education this shortage should be eliminated in the long run.

o Very accurate GPS measurements still take quite a long time, at least over
long distances, but the development of measuring methods and computa-
tional algorithms are gradually yielding shorter measuring times.



e Free sight towards the satellites is necessary, creating some problems in
e.g. towns and cities. On the other hand, GPS is primarily a technique for
sparsely populated areas. In urban areas there are normally good control
networks to start from, and conventional techniques are, therefore, often
more suitable. The penetration of the satellite signals through the forest
canopy has been better than expected.

e GPS receivers (for relative positioning) are still quite expensive, but the
price difference between such an instrument and a total station is not that

substantial.

e The compatibility between receivers or programs from different manufac-
turers is still not very good. One can, however, notice an increased ambi-

tion towards standardization.

What then, can be said about the vulnerability in such a concentration on one single
technique and one single satellite system?

First of all, one should note that there is a long time perspective in the engagement
of the USA. From their radio navigation plan of 1992 it is clear that the present prin-
ciples for civil use, e.g. free access to the GPS system, is valid to at least 2003.
Moreover, possible policy changes are to be declared at least six years in advance.
In any case, we will be able to benefit a lot from the system during that time, at least
break-even in our economic ventures. Furthermore, there are advanced plans, e.g.
in Europe, to establish a compensating satellite system in case the USA does dete-
riorate the conditions for the users.

Therefore the future looks bright. New GPS applications mature successively. In this
field, the kinematic methods are the most interesting ones. Thus far, GPS has been
most suited for data capture for “small scale” (national/regional) GIS; in Sweden the
forest applications have attracted most attention, since in this case there are no real-
istic conventional alternatives to GPS. Today, however, we can perceive a produc-
tional use of GPS also in more local applications, e.g. establishing “large scale”
data bases with a high accuracy.

Establishment of Horizontal Contro! Networks

Up to now, establishment of horizontal control networks is the most important sur-
veying application of GPS in Sweden. In NLS, most of the horizontal control survey-
ing is carried out using the GPS technique, since it is at least as accurate as control
surveying with conventional techniques, but much cheaper. On average, the price
per control point on the Swedish market has been more than halved.

The economic conditions are probably the same for other similar organizations,
where the business has such a volume that one can invest in a large number of
GPS receivers, thereby making the work more efficient, and still pay the costs. The
supply of competence has not been a great problem; the transition from conven-
tional techniques to the GPS technigque has been relatively uncomplicated. Never-
theless, education is needed, not only in GPS but also in e.g. handling of computers
and computer programs.

Hitherto the control networks have been utilized by traditional surveying. However,
the importance of horizontal control networks will most likely change, as will probably
their design, if also the utilization of them will be made by GPS in the future.



For certain applications, the purpose of control networks can be expected to be
taken over by reference station networks that allow accurate positioning in well de-
termined reference systems and in real time. Nevertheless, horizontal control net-
works of a traditional kind will be needed in the foreseeable future, especially locally.
Local surveying with GPS puts less demands on point density, at the same time as
the control points have to be well suited for GPS measurements. It is, for example,
not necessary to have a clear sight between the points, but on the other hand free
sight is needed upwards, towards the satellites.

Establishment of Height Control Networks

The GPS technique today is not particularly suited for height measurements, at least
not of a higher order like national networks. In these applications traditional levelling
is still a superior method which, however, contains great possibilities for rationalizing.

In Sweden, a motorized technique is applied in the ongoing third high precision
levelling. The equipment includes three cars — two “rod cars” and one “instrument
car” — which yields a high production rate. The average daily production is about 12
km, single run. The measuring team consists of four people: the two drivers of the
rod cars, and one observer and one driver in the instrument car.

The measurement itself takes place from the platform of the instrument car, using a
conventional pendulum instrument (Zeiss Jena Ni 002). The maximum allowed sight
length is 50 metres. The observer communicates via radio with the driver of the
instrument car who registers the observed values digitally. The driver also reports
back whether the measurement, after a check by the computer in the instrument car,
has passed or has to be repeated. After the registration of observed data there is a
completely digital production line — from the field work to the computation of heights.

The accuracy of the measurements easily meet the requirements of high precision
levelling. The standard error of a double-run levelling line is below 1 mmA/km. The
refraction problems are considerably reduced since the sight line is higher above the
ground (2,25 metres) than in traditional levelling. Therefore, the levelling rods are
lengthened from the normal 3 metres to 3% metres. Apart from the fact that
everybody in the measuring team must have a driving licence (!), the demands for
competence are the same as in all other levelling.

Tests have also been made with “motorized trigonometric levelling” using digital
total stations. Thereby the sight lengths can be increased as they no longer need to
be horizontal, yielding efficiency profits in hilly terrain. Through corresponding
measurements a high accuracy is achieved; the standard error here is also below

1 mm/\/km.

In spite of the high accuracy, there are some disadvantages with this method. The
production rate is some 10 % lower, the production cost 20 % higher and the
investment cost 70 % higher, compared to motorized levelling (Becker, 1991).
Moreover, higher competence of the staff is required.

To obtain a completely unbroken digital production chain, attempts have also been
made to perform motorized high precision levelling with the new digital levelling
instruments, e.g. Leica Wild NA 2000/3000 (Becker et. al., 1994) and Zeiss DiNi 10.
However, this technique is not at present quite suitable for the purposes in question.



The measurements are disturbed too much by sunlight coming directly into the
instrument, the dependence on temperature in the corrections for the collimation
error is not handled in a satisfactory manner by the software, and too much work is
put on the observer since all data recording is made at the instrument. It should be
possible to do something about these shortcomings, thereby increasing the useful-
ness considerably.

Further Development of the Traditional Techniques and Methods

The most important step in the development of traditional surveying was the intro-
duction of EDM instruments (originally an invention by the Swedish geodesist Berg-
strand). This was later followed up by the introduction of digital total stations and
field computers, the aim being to create a totally digital handling of data to fit with
the general development trend.

A digital data flow is especially important in detailed surveying since, in contrast to
control surveying, there are so many measurements to take care of that one cannot
handle them manually. For the same reason, great hopes are set on the further
development of the digital levelling instruments in those cases where height data are
of primary interest.

The total stations are now often equipped with a servo to speed up the procedure.
This is especially valuable at setting out, but in combination with “autolock” also in
detailed surveying, as the instrument steadily follows the prism. If you also add a
telemetric link for remote control of the total station then the recording could be
moved to “the source”, i.e. the prism, and you have got a “one-man-instrument”.

General field computers, which can be connected to all types of geodetic instru-
ments, have the advantages of enabling the same hardware and software to be
used independently of the manufacture, as well as measuring without instrument
(additional control by measuring-tape etc.). The disadvantage is the addition of an
external unit; therefore, solutions with recording and computation in the instrument
itself have gained ground.

Here it seems as if so-called PCMCIA cards will become the most common medium
for transferring measured data. External, powerful field computers with options for
interactive graphics, e.g. pen computers, might become more usual. The advantage
in that case is that one can not only record and compute but also work with the
graphics in a simple way in the field.

Regarding methods, the application of “free positioning”, implying positioning of a
freely placed instrument in immediate connection with detailed surveying or setting
out, has produced rationalization effects as well as improved quality in the position-
ing. This method is especially efficient in combination with wall-marked control net-
works (Persson, 1986), i.e. geodetic networks in which the points are marked on
buildings, mainly in urban areas.

Free positioning presupposes, in principle, trigonometric determination of heights. In
spite of the above mentioned somewhat discouraging experiences in connection
with high precision levelling, such height determination is very useful in local appli-
cations. Altogether, the combination of total stations, field computers, free position-
ing, trigonometric height determination and wall-marked networks is most efficient in

urban surveying.



Probably a “motorization”, analogous to motorized levelling and motorized trigono-
metric levelling, would yield additional rationalization effects.

The strength of conventional surveying is, as mentioned earlier, evident in connec-
tion with establishment of “large scale” data bases. The geodetic methods become
especially interesting in those cases where high accuracy is required and/or where
the areas are so limited that the initial cost for aerial photography wouid be unrea-
sonable. Even when the objects are too small (e.g. boundary points) or blocked (e.g.
underground cables), and thus require signalling, it is profitable to use terrestrial
methods. The possibilities for simultaneous collection of attribute data yield further
advantages.

Integration of Techniques and Methods

Already the fact that GPS and traditional surveying have differing needs for sight —
vertical and horizontal, respectively — indicates that the two techniques should com-
plement each other and together create a more optimal solution. For example, GPS
could be used separately, conditions allowing, and also for determination of points
for measurement with a total station where conventional techniques are more suit-

able.

There are already examples today of total stations with a GPS antenna added (e.g.
Zeiss-Ashtech), where the instrument is positioned by GPS. This, however, requires
at least one more GPS positioning for the orientation. An obvious alternative is to
equip the total station with a gyro for this purpose, but a more reasonable procedure
should be to utilize the principle of “free positioning”. This means setting up the
instrument on a suitable spot and determining the station by measurements towards
a couple of surrounding points which, in the meantime, are positioned by GPS.

This speaks in favour of the GPS antenna being placed with the prism, rather than
on the instrument. This should work particularly well when using “one-man-instru-
ments” where the measurement is controlled remotely from the prism anyway.

Positioning by inertial technique has been used to some extent as a data capture
method in establishing geographic data bases. The technique requires large invest-
ments but is advantageous in special situations (large projects, long objects etc.).
NLS owns one such equipment; it has been used for, among other things, measur-
ing optic fiber cables for Swedish Telecom and updating the road network in the
national data bases of the Land Survey.

The inertial equipment is placed in a large van; hence the objects to be positioned
should be located close to roads. A total station is, however, included as a comple-
ment, making excentric measurements possible within a limited distance from the
car. Starting from a known point, position differences in three dimensions can be
determined with the gyros and accelerometers installed in the system. Because of
an unavoidable drift in this kind of system, the inertial platform now and then has to
be “calibrated” by additional measurements on known points along the road.

The measurements can be performed with a positional accuracy on the decimetre
level — return measurements presupposed — and with a comparatively high produc-
tion rate. If one is satisfied with a lower accuracy and does not need any bench-
marks (such as in the determination of roads for “small scale” data bases), the
measurement can, in principle, be made within the speed limit!



A combined utilization of GPS and inertial techniques provides great possibilities for
diminishing the need of the inertial technique for continuous access to known points
during the data capture. These points can be determined successively by GPS,
thereby also eliminating the need for return measurements. Inversely, the problem
with signal interruptions caused by blocked sight to the satellites is reduced through
relying entirely on the inertial system during those periods. Development within this
field is going on at NLS (Lidberg, 1992).

NLS has also used GPS in connection with aerial photography for some years
(Jonsson and Norin, 1994). Although this is not a terrestrial application there are
reasons to mention the subject since the method may indirectly reduce the need for

measurements on the ground.

There are three main stages of aerial photography in which GPS can be used: navi-
gation of the aircraft along the flight lines, triggering of the camera in preselected
positions, and accurate (relative) determination of the aerial camera at the time of
exposure. The first two stages are well tested. Since the established plan for the
photography mission can be followed very closely, the continued photogrammetric
process is facilitated.

The third stage is now being investigated. The aim is to be able to use the projection
centre of the camera, preferably also GPS measurements of the attitude angles of
the aircraft, as additional information in block triangulation, thereby reducing the
need for ground control. The investigations have produced promising results that
have already been put into practice. The method should be useful in most applica-
tions, but for the moment it is used mainly at high flying altitudes.

The possibility of measuring photogrammetric ground control points with GPS
should also be mentioned here. This method becomes particularly efficient if perma-
nent reference stations are used, as only one person is required to build the photo
signal and perform the GPS measurement. The experiences in connection with sig-
nalling for the small scale mapping of NLS are very good. The greatest rationaliza-
tion effect is in the fact that the ground points can be placed optimally for the photo-
grammetric measurements.

Conclusions and Future Visions

As is clear from the above, geodetic activities today are very much dominated by
GPS; this technique will probably be even more influential in the near future. How-
ever, the abbreviation does not stand for “General Problem Solver”, traditional
methods and techniques will still be important.

The tendency towards completely digital data handling and increased automati-
zation is evident, as is the trend towards the integration of techniques, methods and
instruments. This is also combined with a simultaneous treatment of horizontal and
vertical data (i.e. a shift to a more three-dimensional way of thinking), an increased
contribution of real time applications, and remote control of geodetic instruments.

Thereby, the technical and methodical complexity increases at the same time as the
handling of instruments becomes (apparently?) more simple. Because of this, peo-
ple with quite different qualifications will be required in the future — advanced techni-
cians as well as personnel for the more routine work.
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The number of people in the measuring teams is steadily decreasing. Here the new
political ambitions to reduce the costs, not the least in public services, are made
possible by the new technical achievements. There must, however, be a limit and
hopefully we will not see too many “zero-man-instruments”, i.e. remotely controlled,
pre-programmed, completely automated and perhaps motorized instruments that do
not require any human interaction.

Something that should never be forgotten — no matter how digital, streamlined and
automatic the new technique appears — is the remaining need for control of both in-
struments and measurements. The old well-tried geodetic principles in this respect
are still valid; we should not become slaves to the technique.

The most important task for the geodesists in the future is probably not a continued
development of their own technique, but a transfer of their knowledge to other fields.
Geodetic competence is in much demand nowadays and we have a lot to gain by
assisting others. Those who believe the GPS development will imply that things
such as knowledge in advanced geodesy, experience from surveying, and insight
into the problems of coordinate systems are no longer needed are wrong — this is
just the beginning!

References

Becker, J-M, 1991. Comparisons between Different Height Determination Tech-
niques. Fédération Internationale des Géométres (FIG), 58th PC Meeting and Sym-
posium, Beijing, China.

Becker, J-M, Andersson, B, Eriksson, P-O, and Nordqvist, A, 1994. A New Genera-
tion of Levelling Instruments: NA 2000 and NA 3000. FIG, XX International Con-
gress, Melbourne, Australia.

Jonsson, B, and Hediing, G, 1994. SWEPOS - a Swedish Network of Permanent
Reference Stations for GPS. Nordic Geodetic Commission, 12th General Meeting,
Ullensvang, Norway.

Jonsson, B, and Norin, D, 1994. Positioning with GPS in Aerial Photography. Nordic
Geodetic Commission, 12th General Meeting, Ullensvang, Norway.

Lidberg, M, 1992. Integration of GPS and Inertial Surveying Techniques - Practical
Tests at National Land Survey of Sweden. Symposium on Gyro Technology, Stutt-
gart, Germany.

Persson, C-G, 1986. Swedish Experience of Wall-Mounted Targets. FIG, XV Inter-
national Congress, Toronto, Canada.

Persson, K, and Persson, C-G, 1994. Data Capture for GIS using GPS (in Swedish).
National Land Survey of Sweden, Gavle. Professional Papers, 1994:25.

Reit, B-G, 1994. SWEREF 93 — a Swedish Reference System for GPS. Nordic
Geodetic Commission, 12th General Meeting, Ulilensvang, Norway.



