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The objective of our research reported here is to show the 
various processing steps on all levels of a computer vision 
system required to interpret and describe road maps. First, 
the foundation for the recognition process is laid by comput- 
ing two sets of distance skeletons. They are termed endo- 
and exo-skeleton and are symmetrical with respect to the 
boundary between foreground and background of a binary 
raster image. The skeletons are derived from a novel im- 
plementation of Blum's concept of the MAT in the semi- 
continuum which preserves important features such as Eu- 
clidean metric and correct topology. To eliminate noise and 
quantization effects a new regularization method has been 
devised based on which the MAT is pruned to its stable inner 
branches. After the removal of artefacts and further simpli- 
firation of the skeleton the recognition of meaningful com- 
plex structures is accomplished in several steps with the aid 
of a growing amount of domain-specific knowledge. Scene 
knowledge helps to verify (local) hypotheses in a larger con- 
text and to arrive a t  a consistent interpretation throughout 
thr  scenr. The selection of the object-oriented programming 
paradigm proved to be very effective. 

1 Introduction 

Document image analysis has become a very attractive 
and active research area. Its goal is the automated interpre- 
tation and description of the visual information contained 
on a 2D medium (mostly paper) comprising any mixture of 
texts, graphics, and pictures. The merits are obvious con- 
sidering the ease with which the information can be manip- 
ulated once the information is in digital form. There exists a 
considerable amount of publications in the area of document 
image analysis. For a representative selection of papers on 
theory and applications consult [l] and also [3]. In this pa- 
per we concentrate on the subarea of 'graphics recognition'. 
A good overview is given in [2]. 

Althol~gh the understanding of documents is an impor- 
tant topic per sc and has immediate practical applications 
there is also another motivation behind this work. It is con- 
sidered to be a rather excellent training step toward the even 
more challenging task found in general machine vision and 
scene analysis [6]. All known problems in computer vision 
are addressed in a nontrivial manner while allowing to con- 
centrate on the higher (AI) levels. 

IVe analyze first typical situations from a single the- 
matic layer of a road map and try later to expand on the 
insight gained so far to tackle other line images as well. 
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Figure 1: Architecture of the MAPS System 

The selected layer contains essentially road information. 
It is a line drawing (i.e., 1D lines embedded in a 2D space) 
consisting of linearly and/or laterally structured curved lines 
forming a network. Each line style corresponds to a different 
road type (see Fig. 4a). 

2 System Overview 

The overview in Fig. 1 shows the essential phases of the 
understanding process. From the scanned (iconic) data a 
complete and compact symbolic description of the geometry 
of the image entities as well as their type and relationships 
is computed. 

The corresponding levels of abstraction are depicted in 
Fig. 2 and are described in detail in [6]. With these levels hy- 
potheses can be associated about candidate interpretations 
for entities on this level. The partial ordering implied by 
the 'part-of' links indicates the allowed transitions up and 
down the hierarchy: Rottom-up (data-driven) by grouping 
entities from one level and post a hypothesis on the next 
higher level, or top-down (expectation-driven) by placing a 
hypothesis on a lower level about missing parts of a given 
entity. 
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Figure 2: Hierarchical Levels of Abstraction 

3 Regularizing the MAT: Generation 
of Endo- and Exo-Skeleton 

The majority of the roads are defined by parallel lines 
or dually by their CIlaracteristic Elongated Enclosed Re- 
gions ('cheers') in background'. The middle axes (skele- 
tons) of those cheers lay the foundation for a description of 
the course of laterally structured lines. For solid lines or 
linearly structured lines (e.g., dashed lines) the skeletons of 
the lines themselves form the middle axes. As a consequence, 
it is necessarv t o  extract the skeletons of both forenround - 
(lines) and background components as will be shown next. 

Traditionally, the representation of a (2D) object is 
strictly related t o  the underlying tesselation of the discrete 
plane, usually a square grid with integer coordinate values. 
Needless to  say, most of the published skeletonization meth- 
ods work on such a grid [7,10]. This approach introduces, 
however, a lot of impediments: The computation of the cor- 
rect Euclidean distances requires relatively complicated or 
highly parallel algorithms which in turn significantly slow 
down the execution speed; Thinning algorithms often pro- 
duce counter-intuitive results and tend t o  overemphasize the 
influence of artefacts a t  obiect boundaries. The latter ob- 
servation leads t o  a central problem of the skeletonization: 
Given a (not necessarily Euclidean) skeleton, how can we 
distinguish between stable parts that  are insensitive to  noise 
and affine transformations and parts that  were generated 
rather incidentally and should be removed prior to  further 
process in^? - 

In [4] a new regularization method has been presented 
t o  overcome just this problem. A simple relationship be- 
tween the needed degree of pruning and the estimated amount 
of disturbancrs along the boundary points is given as well. 
A brief review of our regularization method follows. 

Instead of computing the distance transformation on 
the regular grid, we calculate the Voronoi Diagmm (VD) [9] 
of selected boundary elements (Fig. 4 b). The boundaries of 
the convex Voronoi polygons describe the zone of influence 
for each boundary element and represent the incarnation 
of Blum's concept of the MAT [8] in the semi-continuum. 
The VD is represented as an abstract da ta  structure known 
as DCEL (doubly connected edge list) attributed with the 
exact proximity information. To obtain a stability measure 
for an arbitrary point of the VD, we assess its influence on 
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Figure 3: Regularization 

the reconstruction of the original shape from the attributed 
VD (see Fig. 3). 

According to  the d~finition of the VD, each maximally 
filling disk (radius T )  with respect to  the object is centered a t  
one point of the VD and shares a t  least two points P and Q 
with the object boundary. The so-called circularity residual 
AIi is the difference between the length of the boundary 
from P to  Q and the length of the circular arc be tw~en P and 
Q. A point of the VD is considered stable if AIi surpasses a 
certain threshold value, usually 2.0. The resulting reduced 
VD is henceforth called Voronoi Skeleton (Fig. 4 c-e). It has 
been pointed out in [4], that AIi is a function which grows 
monotonically as the center C of the disk moves along an 
edge toward the interior of the object. The topology of the 
Voronoi skeleton will thus be preserved for any threshold 
and multiple pruning passes. 

Another important aspect of the Voronoi skeleton shows 
up if the boundaries are interpreted as truly 1D edges (cmcks) 
rather than pixel strings. This allows a symmetrical han- 
dling of foreground and background. Thus endo-skeletons 
and exo-skeletons with Euclidean metric and correct topol- 
ogy can be computed in a single scan over the image. 

4 Grouping Activity 

As a result of the skeleton extraction explicit informa- 
tion is available about local image features (connectivity 
and geometry) and about their local relationships which are 
likely t o  be usable in the subsequent grouping process. The 
primitive symbolic descriptions are domain-independent and 
define each a line graph attributed with the distance and ref- 
erences to  the neighboring elements. After the removal of 
artefacts the structure is further simplified in two steps by 
eliminating branches that  obviously do not correspond t o  a 
'cheer': (1) Any line arc whose variance of the radii along its 
course exceeds a preset threshold is removed, since this in- 
dicates that  the bounding lines of the corresponding 'cheer' 
are not sufficiently parallel; (2) Any line arc having a point 
whose distance value is greater than half of the expected 
maximal width of any 'cheer' is discarded. 

Generic grouping knowledge (e.g., similarity, proximity, 
and good continuity) is supplemented by further knowledge 
t o  account for the specific contents of the image under con- 
sideration. The latter is obtained by inferring the draw- 



ing rules from the map. The cleaned primitives are then 
grouped accordingly in several steps [5] to  constructs on al- 
ways higher (more abstract) levels (levels 3 and 4 in Fig. 2). 

5 Attaching Semantics to Structures 

Processing a t  this level requires a model of the expected 
scene. It must, however, not be about a particular map scene 
since it would not be feasible to  store such a model for each 
map sheet. It should rather contain generic knowledge about 
the inherent structure of map scenes, about map entities 
along with their relationships and about layout rules. Other 
kinds of knowledge sonrces used are: Control knowledge t o  
allow focnsing on a particular area of the scene to  direct 
the processing t o  the locations tha t  are most promising a t  
some point in time; and strategy knowledge which directs 
the execution of the most appropriate control strategy. 

The understanding process can be seen as a mapping 
from the hypothesized data  (data panel) onto the road model 
(model   an el) such that a consistent interpretation through- 
out the map section can be obtained. The difficulty with the 
model of the expected scene is that  it is rather vague. 

Some of the recognition steps are exemplified in the 
image sequence in Fig.4 f-i. Further details can be taken 
from [5]. 

6 Extensions to Other Line Images 

Lines are important entities with respect to  the analysis 
of a wide range of scenes. While in images of maps, plans, 
etc., the information is inherently contained in lines there 
are others, namely gray-valued images from which lines bear- 
ing relevant information can be derived by applying suitable 
edge detectors. In the latter case the output most likely con- 
sists of contour fragments attributed with a measure of their 
evidence. Since the regularization method does not demand 
closed contours our future research will also focus on the def- 
inition of skeletons in gray-valued images. Furthermore, the 
tesselation definrd by the underlying VD allows t o  direct 
the grouping into hierarchies of the line fragments, where 
s~~ccessive steps analyze increasingly larger areas of interest. 

Extensions have been made to  include the recognition 
of not just other plans but also medical images (see [6]). 

7 Implementation 

Low-level procedures have been coded in C while code 
pertaining to  higher levels has been written in Common Lisp 
and New Flavors. Scene knowledge which is not so clear-cut 
and is subject to  frequent changesladditions during the de- 
velopment phase is pnt into a rule-based expert system shell. 
This allows for more flexibility and less side effects if changes 
become necessary. Since the data  representations had t o  be 
general across different applications but also extendable to  
new applications the choice t o  using object-oriented pro- 
gramming proved t o  be very effective. 

Extensive use is made of the inheritance capability t o  
build a set of generic operators which support the compu- 
tation of the properties of point and line features and their 
respective relationships. 

To better manage the large amount of da ta  spatial and 
feature indexing has been introduced. 

Some figures in Table 1 illustrate the practicality of our 
approach, especially for the low-level part. The higher levels 
take on the order of ten minutes. 

I Machine: DecStation 3100 

O ~ e r a t i o n  1 1  Elapsed Time I Size in I 
in secs I MBytes 

Crack Extraction 11 1.8 1 0.6 

Table 1: Time and Space Requirements of a 512x512 Image 
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8 Summary and Conclusion 

We have shown that  symmetrical skeletons lend them- 

11.2 
6.7 

selves readily for subsequent recognition processes for the 
following reasons. The endo-skeleton can be used to  ex- 
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4.3 

tract the lineal features and classify them into classes of 
different width. The exo-skeleton on the other hand retains 
the spatial relationships between the foreground entities and 
lays the foundation for the grouping activity. The introduc- 
tion of a new regularization method allows t o  successfully 
cope with noise and other artefacts and to  generate robust 
Voronoi skeletons. Their computation is very efficient and 
fast. The multi-step grouping procedures exploit the neigh- 
borhood information contained in the exo-skeleton as well 
as knowledge inferred from drawing rules. Finally, global 
consistency is achieved by reassessing (local) interpretation 
results in a larger context. 

To exemplify the generic character of the procedures 
developed the application area has been extended t o  edges 
extracted from gray-valued images. 

Using object-oriented programming techniques proved 
to  be very advantageous for the required genericness and 
extendability of the code. 
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Figure 4: Different Processing Stages on a Section of a Road Map 

a )  Binary raster image of original, b) Voronoi Diagram VD on raster cracks of original, c) Voronoi skeleton (i.e., 
\ID regularized with threshold T = 2), (1)-e) Enlarged portions of c) show endo- and exo-skeleton of the dark 
(lint) components in the original, f )  Exo-skeleton further simplified to the branches that represent most likely a 
'cl~cer' g) Road axes of fragments resulting from the understanding process. The axis of the highway (quadruple 
1)arallel line) is represented by a bold line. Note that the interpretation is incomplete, h) Extension of road axes 
into road junctions, i) Bridging gaps stemming from overpasses by means of 'good continuity' and detection of 
virtual 4-road-junctions (encircled). 




