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1 Introduction
This thesis introduces a newly developed map interpretation method to auto-
matize the raster-vector conversion process of paper-based large scale Hungarian
topographic maps. The basis of this thesis was the IRIS project [4], in the second
phase of the development of which I participated. The results of the [7] PhD the-
sis also provided me with some useful information in this topic. The main goal
was to replace the manual vectorization of topographic maps with informatic so-
lutions, or at least to support the vectorization procedure up to an expert level.
The concept is that human interactions are reduced and limited to the activities
of fine-tuning the software settings for each desired map groups. The main idea
is that using the knowledge and map-reading the ways of a human expert can
help to automatically separate logical layers of colourful topographic maps (see
Fig. 1, where in a top-down way can be seen the point-like symbol layer, the
network layer, the surface layer, and finally the map itself made up from these
layers). The same idea was also used to deal with the anomaly which arises when
an object of an upper layer masks an object of an underlying layer. The program
generates as a result one vectorgraphic file for each point- and line-like symbol
object type and for the surface object types.

Figure 1: The logic layer hierarchy of topographic maps

This thesis consists of special processing methods given to each map layer
(point-like symbol, network and surface layers), a knowledge-based rule and
constraint description method and a new algorithm, which is able to automati-
cally parallelize most digital image filter algorithms.
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The introduced map interpretation method is needed because the old Hunga-
rian topographic maps have not been vectorized yet. Moreover, most developing
countries have paper-based maps in offices waiting for vectorization. Since the
created software has a modular structure, later it can be extended with new plug-
ins (e.g. import and export modules, image filters, additional languages etc.).
This property and the knowledge representation offer the opportunity that the to-
pographic maps of other countries can also be vectorized with the same software.

2 Knowledge-based map interpretation approach

The currently used software and hardware make the manual vectorization task
easier, but they do not deal with the map interpretation. Some of these systems
help only with the manual vectorization, while others try to produce a vector
data model by pure image processing. Since the depiction of topographic maps
may vary from country to country, and moreover some spatial relations can be
deduced only by human experts, these methods are insufficient to interpret a
Hungarian topographic map.

In my first thesis, the former, simple digital image filters-based concept is
replaced with a knowledge-based approach [1, 2, 3] to achieve higher efficiency
[16]. In this approach, map layers and objects are recognized in the opposite
order of the way they were printed on the paper.

Map symbols (point-like symbols, line-like symbols and surfaces) were
grouped into three categories by their recognition algorithms. Rule sets were
defined for the interpretation of each layer and evaluation algorithms were im-
plemented for each rule type. The main idea of the method is that map making
defines a well-defined order of how the map layers are printed onto the paper.
The objects of a later printed layer may cover and mask the objects of the for-
merly printed layers. After the removal of upper layers, visually missing parts
can be seen on the lower layers. A set of rules based on the complex map inter-
pretation knowledge try to fill these gaps.

3 Recognition of point-like symbols

Point-like symbols are small objects, which can be found in the book of symbols.
In general, point-like symbols also appear in the legend [10]. Their key property
is that they appear on the map undistorted, though they may be rotated. My
second thesis is an efficient point-like symbol recognition method [11, 12, 15],
which is capable of using the special image properties of maps to do a rotation
invariant pattern matching, while it also linearizes the recognition time. As an
advantage, my method is also able to recognize surface textures, since texture is
nothing more than a point-like object repeated a number of times.
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The idea of the algorithm is to do edge detection on the map and omit those
map points where pattern matching is unnecessary. The edge detection is also
needed to determine which pixel of a symbol should be matched to the given
edge pixel of the map. An Otsu-thresholding is made on the result of the edge
detector, which dramatically reduces the amount of potential edge pixels. This
causes that the number of potential pattern matching steps can be largely limited.

The method was compared to a rotation-invariant pattern matching method
[17] based upon colour ring-projection, which produced a high recognition rate
(about 95%). This method gives a runtime of 261 seconds in the case of a multi-
threaded implementation, while the new parallelized algorithm takes only 2-3
seconds on the same machine with a recognition rate > 99%. In practice, the
point-like symbols of a highly detailed topographic map can be vectorized ma-
nually in approx. 1 hour. The linear runtime was proven in the [11] paper.

4 Recognition of line-like symbols
In the case of line-like symbols, attributes are represented as colours and small
line-like drawings printed onto the path of the line-like object or onto the bound-
ary of a polygon object. The recognition of these elements is one the most dif-
ficult tasks of the raster-vector conversion, because line-like symbols are often
complex drawings. On a map, different line-like symbols may differ only in
scale, while they can connect to each other or cross one another. Parallel lines on
maps causes also difficulty, because it can be difficult even for a human expert
to differentiate the two situations, where in the first case parallel lines belong to
one object, while in the second case the parallel lines belong to different objects.

The anomalies described above were beyond of the goals of my thesis and I
dealt only with those kinds of line-like symbols where it is assumed that they do
not cross each other, and their drawings are continuous.

A classic way of line-like symbol vectorization is introduced in [6], where
cadastral maps in binary raster image format are vectorized. Another paper [18]
introduces an automatized way of isoline interpretation of topographic maps.
Because of the additional features of colour topographic maps, such as road
width, capacity, coating etc. cannot be recognized in the classical way [8], a
new method [14] has been developed in my third thesis. First, the procedure
creates the skeleton of the filtered and binarized raster image of the map and the
line-like symbols. Then, it searches for the special points of the skeleton (fork
and end points). These points are well known in the fingerprint recognition sys-
tems, where they are called minutiae points. In the fingerprint, a fork point in the
pattern is an end point in the complementer pattern, so in practice only one type
of them is used for fingerprint based identification.

It is important to note that the mentioned complement property is not given
for maps, so both the fork and end points are required.
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Taking the skeleton of an object as a graph, and labelling corresponding ver-
tices as F (fork) or E (end), an EF graph can be defined. Doing the labelling on
the graphs created from the skeletons of the map and the line-like symbols, the
structures of the smallest units of each line-like symbol (also called kernel) can
be searched inside the EF graph of the map. Furthermore, additional properties
can be assigned to the EF graph of each line-like symbol unit. For example, the
distance of the adjacent special points can be used as weights in the graph. Us-
ing path attribute labels on the path of the symbol, a cyclic property can be also
defined for a line-like symbol, if the first and last path points are marked.

Refining the results, the method uses colour indices of pixels of the filtered
image for a more accurate processing. The advantage of the method is that it has
a linear runtime when it is implemented with deterministic finite state machines.
At the end of the process, exported vector data are generalized [5].

The new EF graph concept made it possible to recognize the colour, structure
and additional properties of line-like symbols and to retrieve objects from the
vectorized data based upon the above properties.

5 Recognition of homogeneous surfaces

During the recognition of homogenous map surfaces, a common task is to join
the visually separated surfaces of the same type and to eliminate the map errors.
My fourth thesis introduces a solution, where the recognition of surfaces is per-
formed using a mask that describes which points are belonging to the surface
layer of the map. The mask can be given e.g. by the remaining map surface after
the removal of areas lying under the recognized point-like and line-like sym-
bols. Another method can be when, after the colour segmentation of the map
image, the collection of surface colour indexed points are used as a mask. The
corresponding colour index of points belonging to the mask is set to the proper
surface index, while the colour index of other points becomes undefined. To get a
correct result, the two methods (masking and error correction) are used together.
In order to recognize surfaces and polygonize them in good quality, a heuristic
rule collection was created. With the help of the rules it is possible to describe
how the same and different surface types "affect" the prospective type of the un-
defined surface that lays near to them. In other words, a dominance order can be
defined among the known surface types.

The method gives the possibility to join the undefined typed surface not only
to one dominant surface neighbour, but it can split the region automatically based
on the dominance of the neighbours.

I implemented the proper algorithms to evaluate the rules and the related
filters with an easy to use graphical user interface. Furthermore, I made an XML
based format, which supports the rule description. This XML format is used to
save the given rules in order to use them later in the batched conversion.
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6 Automatic parallelization of raster image filters
Nowadays the signal processing speed of digital imaging sensors is increasing,
while the size of acquired images is growing exponentially. Although the com-
putational capacity sufficient to process the acquired images, former algorithms
remain slow, because those can not efficiently utilize the computing capacities.
One reason for the inefficiency is that these algorithms were implemented se-
quentially. While several articles and books were written about image processing
algorithms parallelization, those works are complicated, and they introduce only
special parallelized image filters.

My fifth thesis introduces a new method [13], which is able to automatically
parallelize the algorithm of most sequential raster image filters. This method is
based upon the logical image partitioning, which can be used if an image filter
processes the image pixels in a well-defined order, e.g. row-wise, block-wise
or block-based recursively. The difficulties of parallel programming of digi-
tal image filters come from the image processing method, where neighbouring
pixels are also used to calculate the value of the result pixel. In such case, the
disjunct partitioning of the result image cannot solve the problem that processes
can read the same pixels at the region boundaries at the same time, so overlap-
ping regions should not be read and evaluated in parallel. These regions produce
an overhead during parallel image processing, because they can only be pro-
cessed sequentially, however this cost is negligible in good circumstances. My
method deals automatically with the necessary critical sections and minimizes
the overhead too.

Because parallel programming requires more intellectual effort and time ca-
pacity, this solution efficiently reduces both of these. Furthermore, it improves
the quality of the code by eliminating possible parallel programming mistakes;
debugging them is often really difficult or almost impossible. Using this method,
the speed of the parallelized image filters is in asymptotically linear relation to
the number of cores of the computer processor. In this estimation it is assumed
that the cost of critical sections are negligible, because the size of the image part
processed in the critical section tends to zero compared to the size of the image.
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7 Conclusion
A map interpretation method was developed as a combination of five new me-
thods. This interpretation concept simulates better the knowledge and logic of
cartographic experts than the former approaches. The applied logic is described
by a customizable set of rules and the evaluation algorithms of the rules were
also implemented. The description of the rules was in the widely used XML
language. XML made it also easy to change the settings and rules both in and
outside of the program. An additional advantage of the XML language is that the
developed map interpretation system can be expanded with further digital image
filters in the future. Thanks to XML, the unknown parameters of the new image
filters can be skipped safely, while it remains possible to store or pass them.

It was succeeded to implement the recognition algorithms of point-like sym-
bols, line-like symbols and surfaces with linear runtimes. Additionally, to imple-
ment faster the image filters and parallelize them safely and efficiently, an auto-
matic raster image filter parallelization technique was developed for the general
sequential image filter algorithms.

The linear runtime algorithms and automatic image filter parallelization-based
topographic map interpretation system is faster and more efficient than the for-
mer systems. The additional advantage of the automatic image filter paralleliza-
tion method is that it can be used also in other image processing systems to
achieve better performance.
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