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ABSTRACT: Spatial oriented studies in geographical information system (GIS) and its tools require georeferenced data sets recorded in layers. This approach is commonly sufficiently applied
to contemporary data, but more seldom for older spatial data. Historical maps comprise a lot of
inherent information on environment and anthropogenic changes and they can be used for valuable spatial data sets. Methods for effective georeferencing of the maps from 17th century are
described and their quality control on the urban area of Ljubljana, Slovenia case study area. The
applicability of the georeferenced historical maps was explored with the principles of time
series analysis in comparison to contemporary spatial data sets. The studied applications were:
changing of the river course of Ljubljanica River and observing the changes due to developing
of railways. The results show generally a high quality of the historical maps in contrast to contemporary data sets, and high value of their applicability for the urban studies.

1 INTRODUCTION
Historical maps with supplementary documents would be commonly the most important database for various spatial analyses of historical landscapes, urban development, influences of
changes in economy and impacts of wars, toponyms and land use changes, map production
technology, etc. The cartographical methods and techniques vary dependent on historical period,
development of particular techniques, availability of resources, and mathematical knowledge.
The maps available for analysing were therefore produced in different scales, coordinate systems, projections, etc. For example, origins of cartographic projections could based on Paris,
Rome, Greenwich, the Ferro Island, and local origins. Their metrical quality is inhomogeneous.
Generalisation methods used for producing maps are mostly unknown. Therefore we have to
employ a detailed study to prepare maps before to use them.
Analysing the characteristics of old cartographic techniques, cartographic projections and
georeferencing methodologies appropriate for the purposes of the study based on spatially oriented tools in geographical information systems (GIS) are important aspects of our research.
Historical maps could be combined with other historical maps and also with satellite images, orthophotos, land covers, land cadastre maps, urban plans, contemporary digital raster and vector
maps, databases as digital elevation models (DEMs) and others. For example, Franciscan cadastre could be combined with current cadastre data. These two layers could be analysed also
regarding pedology, exposition of landscape (using DEM), aerial photographs from last half of
previous century, documents of evaluation of cadastre incomes, etc.
However, the main purpose of our work is to introduce the principles of integrating datasets
of different quality and age, and especially to show practical aspects of their manipulation in
GIS. The application – changes of Ljubljanica River course and railway – was studied on the
test area of Ljubljana, Slovenia.

2 HISTORICAL MAPS
Maps are the presentation of the real world reduced to points, lines, areas and surfaces using
variety of visual resources: size, shape, value, texture or pattern, colour, and orientation. The
cartographer selects only the information that is essential to fulfil the purpose of the map, and
that is suitable for its scale (Lanius 1999). The maps are therefore combination of sciences and
arts. And because of their development also the quality of maps makes progress all the time.
Map producing has a long history with its roots extending to at least 30,000 years ago. The aim
of maps – presentation of the real world – remains unchangeable till now.
A noticeable progress has been done with increasing the accessibility of the historical maps
(Jobst 2009). Until recent past, interpretation of such datasets was possible only visually: comparing two or more datasets laying beside each other. Combination with the other maps using
overlaying principles was impossible. The powerful solution is transformation the scanned maps
to the common coordinate system, to georeference them.
2.1 Historical maps in surrounding of Ljubljana (based on the systems of map sheets)
Let’s start with Romans’ maps since 100 BC – Tabula Peutingeriana. Those maps had less details and themes than today’s but they were probably not less important for ancient users as the
contemporary maps for us today. They were used for few different purposes, for example for
land property evidence and military purposes.
Cadastre measurements appeared due to necessity to register land tenure and because of taxes
which were assessed to each landowner. At the beginning the land tenure was registered in the
land register without any graphical plans. Cadastre, that is quite similar today’s cadastre, was
born at the time of Habsburg Monarchy and its emperor Karel VI.
A whole territory of the Habsburg monarchy (including the territory around Ljubljana) was
surveyed in 23 years, between 1763 and 1787. The survey is known as the 1 st military survey of
the Habsburg monarchy or the Josephine survey, because it was finished in the time of emperor
Joseph II, Maria Theresa’s son (Wawrik & Zeilinger 1989, Zimova et al. 2006) (Figure 5b). This
mapping and surveying was a first measurement of the whole territory of Slovenia (Triglav
2003).
The oldest official land register in the territory of today’s Slovenia is the Franciscan cadastre
from the first half of the 19th century (around Ljubljana from 1818 to 1827). It distinguishes
five basic land categories or types of land use (fields, meadows, pastures, forests, and vineyards) as well as land with mixed use and land with special uses (for example marshes, or quarries). The basic scale was 1:2880. For mountain area was used scale of 1:5760 and for cities
1:1440 or 1:720. The Franciscan cadastre was produced in Cassini cartographic projection.
There were considered the same measurements of the triangulation networks like for topographical maps (Korošec 1978). Krim coordinate system (in Viennese fathoms or later in meters) was
origin for mentioned cadastre measurements and other maps for most part within present Slovenia and all surroundings of Ljubljana.
2.2 Historical maps of Ljubljana
Many different historical topographical or even thematic maps of Ljubljana are described in this
part of paper. They are commonly in larger scale than maps based on the systems of map sheets.
Almost all shown in this paper are topographical (Table 1). The oldest known plan of Ljubljana
had been produced soon after 1560 by Nicolo Angielini (Mihevc 2000). Between the oldest
maps of Ljubljana is placed also plan of Ljubljana of Giovanni Pieroni from 1639. In 1681 panorama of Ljubljana was produced by J.V. Valvasor (Korošec 1991). In 1744 Janez Dizma Florjančič produced metrically very precise map of Carniola. It has marked geographical coordinates on the edges and its scale is 1:5000 (Korošec 1991). The map was elaborated using measuring table and other modern techniques for that time. Figure 5a shows the cutting where
Ljubljana is mapped.

Figure 1a shows Dežman’s map of Ljubljana produced in 1827. It is seen that river Ljubljanica had been regulated to shorter riverbed. A new riverbed of Ljubljanica is seen also from Kaiser’s map of Ljubljana (Figure 1b). The background is from cadastre measurements.
Koch’s plan was produced just 15 years after the earthquake Ljubljana in 1895. Changes of
the town which were consequences of this earthquake are seen from the plan.
Since the middle of 19th century Ljubljana became larger fast so regulation plans of Ljubljana
were needed. After The WW1 the regulation plans were designed by J. Plečnik (Korošec 1991).
Figure 1c shows Plečnik’s regulation plan of Ljubljana from 1929 which was not realised. It can
be seen radial scheme of the roads. And many other characteristics of Ljubljana from those
times are visible: railways, more regulated rivers, extension of the city, etc.
Maps from the second half of 20th century show a picture of Ljubljana that is much more similar to its today situation (e.g. street network). Three maps were used from that time. Their authors were Černe and Ules. The last studied map is from 1990 (Geodetski zavod RS – GZS)
(Figure 1d). It had been produced metrically more precisely and with using more modern mapping techniques. Course of the Railway had been slightly changed, rivers are even more regulated and town had been perceivably grown up.
Table
1: Selected Ljubljana’s historical maps
_____________________________________________________________________________________
Author/Dataset
Date
Scale
Other characteristics
_____________________________________________________________________________________
Nicolo Angielini
1560
the oldest known map (plan) of Ljubljana
Giovanni Pieroni
1639
1:6300
J.V. Valvasor
1681
panorama of Ljubljana
*J.D. Florjančič
1744
1:5000
the first geometric “correct” map of Ljubljana
*Josephine 1st military survey 1763–1787 1:28,800
*Franciscan cadastre
~1825
1:2880
Dežman
1827
river Ljubljanica regulated to shorter riverbed
J.F. Kaiser
1830
~1:5000
a new riverbed of Ljubljanica and other changes
Koch
1930
1:10,000
J. Plečnik
1929
regulation plan of Ljubljana
Černe
1953
metrically less better than Florjančič map
Ules
1963
GZS
1990
metrically more precisely, modern map
_____________________________________________________________________________________
*System of map sheets or map covering wider area.
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Figure 1: Georeferenced maps of Ljubljana with area of approx. 6  4 km: Dežman’s map 1827 (a), Kaiser’s map 1830 (b), Plečnik’s regulation plan 1929 (c), City map 1990 (d), Florjančič’s map 1744 (Figure
5a), Josephine topography 1763–1787 (Figure 5b).

3 GEOREFERENCING OF HISTORIC MAPS
Transformation to the target coordinate system is the main goal of georeferencing the historical
maps. Two general methods of georeferencing may be distinguished: (1) the transformation
between two coordinate systems where transformation parameters are known; (2) the transformation based upon identical (control) points (Table 2).
The first one requires a known reference system for the archive maps, which is not always
available (e.g. not for 1st military survey). The advantages of this method are: does not require
identical points, just the sheet borders/grids; can be automated easily; requires much less operator work. The disadvantages of the transformation are: less accurate; error-propagation.
The second method requires identical points. The transformation equations can be set up
based upon the identical points. The most common methods in raster transformations are the
polynomial, and the rubber sheeting. There were carried out many transformations of historical
maps using deferent methods (e.g. Podobnikar 2009).
Table
2: Comparison of the georeferencing methods
_________________________________________________________________________
Method
No. of Points
Residual Errors
Accuracy
Work
_________________________________________________________________________
transf. parameters
1-few
theoretically not
lower
less
identical points
- polynomial
few
yes
higher
middle
rubber
sheeting
more
not
uncertain
more
_________________________________________________________________________

In the case of the 1st military survey, there were many uncertainties in mapping, especially
with uncertain distortions in the rough mountain area. The georeferencing was carried out
without known parameters by (1) using reference data sets (orthophotos or contemporary high
quality topographic maps), (2) finding identical points, and (3) applying an appropriate transformation method.
Identical points were located on geographically identical positions of the 1st military survey
and referenced high quality data sets. The chosen identical points were the most relevantly positioned objects that are churches (especially those on the peaks), characteristic bridges, road
crossings, towers, distinguishable summits or rivers’ confluences (Podobnikar & Šinkovec
2004, Podobnikar et al. 2006). To locate appropriate points, it is important to note the “style” of
a particular cartographer and cartographic elements, including the level of generalisation of the
maps. Additionally we have to be very attentive to possible influences of natural and anthropogenic landscape changes (Podobnikar et al. 2006).
The third step of georeferencing with unknown transformation parameters is applying the appropriate transformation method for transformation to a contemporary Slovenian coordinate
system, based on the Gauss Krüger map projection (Table 3). Classically we can choose
between two transformation methods; using approximation with polynomials or with rubber
sheeting.
The polynomial order 1 (linear transformation) is appropriate for transformation between two
projections where great distortion is not presented (useful for transformation between newer
maps). The polynomial order 2 is appropriate for transformation between geographical coordinates (sphere) and projected data, or for locally systematically distorted data sets in larger areas
(e.g. for mountain areas or for aerial photographs).
The rubber sheeting method based on triangulation where the positions of the identical points
are kept after the transformation. The method could be useful for areas with high distortion, but
it requires a high number of identical points. Their deficiency can cause unpredictable distortions. In our case a rubber sheeting method was chosen as optimal for the 1 st military survey
maps.
Table
3: Transformation for georeferencing shown on selected maps
______________________________________________________________________
Map
Order of polyn.
Referenced map
transf./rubber
sh.
______________________________________________________________________
J.D. Florjančič
2nd
orthophoto, topogr. maps 1:25,000

Koch
2nd
orthophoto
Černe
1st
orthophoto
Ules
2nd
orthophoto
nd
GZS
2
orthophoto
______________________________________________________________________

After the georeferencing the quality assessment was monitored. Its aim is to analyse the quality and errors that can occur in the maps. In the 1st military survey the quality assessment was
occurred by statistical tests (and visualisation) of the possible errors, and simulation (including
cartometry; Bayer et al. 2009) of the errors. The quality assessment based on evaluation of positional errors, calculated with different methods and on the basis of various transformations, better indicates the nature of the errors.
The simulation of the errors can assist in the understanding the nature of the errors, and improving techniques for georeferencing, and in a next iteration, improving the simulation (Podobnikar
2008; 2009).
3.1 Problems connected with georeferencing
Lots of problems can appear during the georeferencing process. The most important and the
most often are:
1.
2.
3.
4.
5.
6.
7.

defining of reference points,
distortions,
variability between maps and lack of standards,
surveying equipment,
changes of the landscape since the time of the mapping,
purpose for just very narrow usage (e.g. military),
experience of the surveyors.

(1) Reference points between historical maps and contemporary newer maps have to be
chosen carefully paying special attention to:
- old measurement techniques,
- possible changes of the environment,
- toponyms in different languages – Slovene, German, or Italian.
(2) Distortion is a problem especially on the places which are less accurately mapped. Such
areas are usually mountains. Many details were not measured – they were mapped just by eyeballing and are therefore succumbed to gross errors. The poorest maps have to be included in
the georeferencing process in spite of poorly defined details. It is needed to avoid locally large
distortions.
(3) The historical maps of different areas were produced in various conditions so there is no
common way to georeference them. Each individual map has to be georeferenced in a way the
result will be as good as possible. Lack of standards allowed much subjectivity in the past.
Many factors have to be considered during georeferencing:
- different projections, coordinate systems, scales, etc.,
- insufficiency of projection and transformation parameters,
- metrical quality of maps is inhomogeneous,
- maps are cartographically different or inexact (different mapping techniques),
- methods of generalisation used for producing maps are also mostly unknown and different,
- mapped territory was on the border of different administrations throughout the history,
- they include uncommon object catalogues (map legends) (Figure 2).

1st military survey

Franciscan cadastre

Urban fabric

Figure 2: Uncommon object catalogue of selected maps (Podobnikar et al. 2006).

(4) Surveying equipment generated various errors. An example: 1st military survey was carried out without precise (geodetic) surveying measurements using plane table and busole.
(5) The landscape is modifying through the time. Some changes are caused by a man (felling,
urbanization...), some of them are caused by the nature (flood, erosion, landslide, earthquake,
fire...).
(6) Maps produced for the specific use show just the contents it is important for its purpose.
Many maps were produced for military use at the beginning of map producing.
(7) Surveyors had enough experiences in the past but less knowledge regarding today.
4 APPLICATIONS OF THE GEOREFERENCED HISTORICAL MAPS
Transformation of the historical maps to the common coordinate system, to georeference them,
is very important for the interpretation of changes in the city and surroundings through different
periods. There are many additional ways to use them. Maps could be combined with satellite
images, orthophotos, raster and vector maps, and other spatial data sets as DEMs, land uses,
land cadastre maps, urban plans, etc. Two examples are shown in the Figure 3.
a

b

Figure 3: Georeferenced data sets on the area of Ljubljana: (a) historical map of Ljubljana from the end
of 18th century (1st military survey) and DEM, where the DEM is analytically shaded; (b) the same area
is shown in perspective view (enhanced using DEM) with overlaid contemporary vector layers of railways, roads and rivers.

4.1 Defining environmental indicators for analysis of the anthropogenic impacts
The anthropogenic interventions to the Earth’s surface differ from natural processes and transform natural to a built environment. The past (e.g. historic) human interventions in handling the
surface have already shown the consequences and how people could adapt them or to them
through the centuries. The effects of the landscape changes have been blurred by natural processes or otherwise overlaid since the past times by a process, which is known as renaturalization. Until the twentieth century, most anthropogenic impacts had not drastically changed the
Earth’s surface because most of the work had been done by hand or with low-impact power
tools. Newer anthropogenic impacts on the surface are more powerful, thanks to advancement in
technology, and cause much more perceivable effects (Podobnikar et al. 2008).
By means of the selected environmental indicators, analysis of anthropogenic impacts can be
differentiated from naturally induced processes. This task is to some extent uncertain, as both
processes can be mutually dependent. Success of the spatial analysis in a GIS is dependent on
the understanding of the quality of the mapped data sources regarding their scale, purpose of
use, generalization methods, semantics, spatial resolution of data with respect to the recognisability of target features, etc. A combination of quantitative and qualitative exploration of different
data sources improves the interpretability of the anthropogenic impacts. This combination has
emphasis on the qualitative spatial analysis (visualizations). Visualizations seem adequate for
the interpretation of the anthropogenic evolution of time series changes.
Anthropogenic impacts on the Earth’s surface can be traced since man started to reorganize
his environment. Distinguishing between natural and anthropogenic changes in the environment
is not always a simple task. Evident human impacts on the surface are, for example, interventions like stone quarries, ruins of buildings, trench traces, grenade craters, etc. The analysis can
be classified with this type of environmental indicators that come unambiguously from anthropogenic impacts. We can distinguish between gemorphologically and social oriented environmental indicators. The geomorphologically orientated are (Podobnikar et al. (2008): providing
supply, disposal, transport, housing and work, recreation, security and defence, spirituality, and
science. As the historical maps are the most important source for analysis of the urban development or influences of the economy development in the urban areas, the historical land use re-

flects to social processes, e.g.: depopulation, deagrarisation/urbanisation, tourism development,
or political influences.
4.2 Interpretations of historical maps of Ljubljana
A number of preliminary analyses were generated using numerous georeferenced historical
maps and orthophotos of Ljubljana and its wider surroundings (Podobnikar & Šinkovec 2004,
Šorli 2006). Here, two environmental indicators are represented in the study area of Ljubljana.
They are related with security and defence (flood protection) and transport (railways). The first
indicator is presented by the river Ljubljanica with Gruber channel. Floods were threatening
houses along the river until the channel was built. The second indicator is represented by the
railway in Ljubljana which was a part of the well-known South Railway.
4.2.1Ljubljanica River course with Gruber channel
Ljubljanica was an unpredictable river in the past because of many floods caused by it. Quantity
of water from Ljubljanica affluents increased heavily when the weather was rainy. Serious endeavour to rescue the problem appeared only when Maria Theresa acceded to the throne in The
Habsburg Monarchy. That most important measure was done when dischargeable Gruber channel was built. It was named after engineer Gabriel Gruber. Construction was started 1772 and
was continuing till 1780. The canal goes between castle hill and hill Golovec. Its decline is approximately 5 m within the distance of almost 2 km. It is much more then the decline is between
Vrhnika (near to spring of Ljubljanica River) and Ljubljana where the water fall is approximately 1-2 m on the distance of approx. 23 km (Južnič 2005). The original riverbed is almost two
times longer as channel because of meanders which are done by Ljubljanica through the city
(Figure 4).

Figure 4: Plan of Gruber channel rotated for 180˚. The original map is oriented to south
(Korošec 1978).

Modifications of the river course were analysed by comparison individual maps of different
ages during last 265 years. The sequential changes are compared with vector hydrographical
database in scale 1:25,000 of the Ljubljanica River (GURS 2005).

On the Florjančič’s map from 1744 (Figure 5a) the Gruber channel is not drawn because it was
not built yet. Gruber channel is already drawn in the 1st military survey (1763-1787) (Figure 5b)
but the old riverbed of Ljubljanica is still different in comparison with today’s course. It is seen
a big meander which was made by Ljubljanica around today’s park Kodeljevo. Later the river
flowed straight and the meander disappeared. The vector hydrographical database well fits with
the river course on newer Černe’s map from 1953 (Figure 5c).
Surprisingly the riverbed of Florjančič’s map better coincides with vector hydrological data
of GURS (2005) in comparison with the riverbed of 1st military survey. The river course
“changes” of 1st military survey are perceived in the place of today’s Tromostovje (triple bridge)
and Šuštarski most (shoemaker bridge). The deviations around 30 m have probably source in
precision of mapping and quality of georeferencing. Some minor deviations up to 15 m are perceived also in analysis of Černe’s map. Namely the deviations of the riverbed in cases of the 1 st
military survey and the Černe’s map do not have origin in natural changes or by man. The confirmed reasons for them are errors due to local distortions on the maps that were not solved by
georeferencing.
Confirmation of the described errors is the following: First houses in Ljubljana were built on
both sides through the river. The riverbed was also deepened and strengthened in around 1917.
There are not evidenced that Ljubljanica River changed its riverbed on through the oldest city
after the Medieval Age.
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Figure 5: (a) Florjančič's map and DOP5 in background (GURS 2005), (b) 1st military survey
and (c) Černe’s map. All maps are overlaid with contemporary vector data (GURS 2005) of
river Ljubljanica. The Gruber channel did not exist at the time of Florjančič’s map – today’s
course of Gruber channel is marked by ellipse. The channel is already seen in the 1st military
survey. It lies south from the primary riverbed of Ljubljanica. There are seen same errors in
mapping at the today’s Tromostovje (triple bridge) – marked by 1 and Šuštarski most (shoemaker bridge) – marked by 2. Meander of Ljubljanica (marked by circle) is assessed on the 1st
military survey. On the Černe’s map river course coincides with vector data.

4.2.2Railway in Ljubljana
Developing of railway is a second occurrence in Ljubljana that was analysed with historical
maps. Interpreted and vectorised historical maps were used for reconstruction of the phases of
its construction through history. The first railway in Ljubljana was built in 1849 as a part of
South Railway – a part of the most important Middle Europe railway between Vienna and
Trieste. From 1849 to 1857 the railway station in Ljubljana was the last and so the most important traffic and commercial centre in Slovenia. Construction was continuing westward to Trieste.
Railway reached the city in 1857. Furthermore, other parts of Ljubljana’s surroundings were
connected with railway (Figure 6). In 1870 was finished northerly railway line Ljubljana–
Jesenice–Trbiž (Upper Carniola Railway) and in 1893 southerly railway line Ljubljana–
Grosuplje–Kočevje (Lower Carniola Railway). In 1891 two local lines were added to a railway
network on the area of Ljubljana: Ljubljana–Domžale–Kamnik (Kamnik Railway) and
Ljubljana–Vrhnika (Vrhnika Railway) (Mohorič 1968). The last one is abandoned today. Comparison of maps from different periods shows that position of railway was not changed or modifications were minor in the past. The most interesting example of changes was a viaduct in
Borovnica that was bombed during the WW2 and later considerably longer bypass was constructed (encircled area in the Figure 6). Another finding is that most of railway lines were built
already in 19th century.
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Figure 6: Vector data of railways – black line (GURS 2005): South Railway (1), Upper Carniola Railway (2), Lower Carniola Railway (3), two local railway lines - Kamnik Railway (4) and abandoned
Vrhnika Railway (5).

Railway has caused many consequences in urban development of Ljubljana. It was primary
constructed on the edge of Ljubljana. Railway separated city into two (Korošec 1991). Because
of the growth of the city the railway was shifted more into the park Tivoli at the end of 1960s.
On the previous railway location the road was built with underpasses under the new railway position. Longer term sustainable solution would be to deepen (moved under ground) the railway –
and parts of the city which grew outside the centre would be connected. However many problems still appear and waiting for more suitable solutions after all described regulations.
On the Figure 7c older Koch’s map (1930) and newer Ules’ maps are overlaid. From that
comparison it is seen that arc of South Railway was going close by the edge of the park Tivoli
(Koch’s Map). Later it was moved a little northward crossed over the road (Ules’ Map).
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Figure 7: Changes of the arc of railway in Ljubljana in the course of time (time series analysis using
maps); (a) in 1829 (Reiche’s Map), (b) in 1910 (Koch’s Map), (c) in 1963 (Koch’s and Ules’s Map are
transparently overlaid) and (d) today’s situation.

5 CONCLUSION
The paper demonstrates that the spatial data, georeferenced to the unique coordinate system
are indispensable for interpretation of various spatial phenomena aspects in different time periods. Historical maps are rare, but nevertheless they offer many valuable information about the
past. Frequently they are cartographically different and occasionally with unpredictable quality.
As their legends (object catalogues) bases on various cartographic techniques, intentions to use,
scales, etc., they are not all easily comparable to the contemporary maps and other spatial datasets. Therefore maps were georeferenced by using various methods, based on polynomial and
rubber sheeting transformations. Generally considerably better results can be obtained for areas
close to the highly urbanised areas.
Two case study applications of historical maps to research the past development of Ljubljana
were analysed in the paper: Ljubljanica River with Gruber channel and railway network development. The first example shows crucial anthropogenic impact on the urban development. The
Gruber channel stopped the floods which appeared after heavy rain. The second example is the
railway. The development of the railways was the impulse for extension of the city around the
railway station, but on the other hand it separated the city into two (and later more) parts. The
undertaken analyses can help to understand various processes and to select the areas that need
special attention and that have to be considered within the further planning of urban development.
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