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Abstract—In this paper, we present the principles of design and discuss algorithms and software of the system
for automatic transformation of raster graphic images into the vector format that is oriented toward enriching
data bases of geoinformation systems. The developed system complements the available interactive and semi-
automatic vectorization means and makes it possible to considerably reduce the number of routine manual oper-
ations required for the inputting of maps, leaving the editing and augmenting of the vector representation for

an operator.

1. INTRODUCTION

A broad spread of computers in the last decade and
considerable improvement of their parameters (the
speed, the capacity of the random-access and external
memory, and the quality of monitors) made it possible
to efficiently employ computer means in various com-
puter-aided design and geoinformation systems and in
data bases of textual and graphic information. In this
context, we encounter a rather urgent problem of trans-
lating of the available graphic information (maps,
plans, drawings, and schemes) from paper carriers into
the form that would allow compact storage and efficient
use of these data in information and computer systems:

The existing technology of inputting graphic infor-
mation into a computer is reduced to the manual track-
ing of map or plan lines with the use of various digitiz-
ers. In certain cases, this problem is solved by tracking
the lines in a raster image of a map on a computer dis-
play, which implies that the map should be preliminar-
ily inputted into a computer by means of a scanner.
Available computer programs facilitate manual line
tracking (automatic capture of a line, an object, etc.).
Certain special-purpose systems employ, as a compro-
mise, hybrid data representation, when the information
concerning, for example, water-supply and sewerage is
represented in the vector format, and the city map is
represented in the raster form.

In one way or another, the inputting of graphic data
into a computer requires an abundance of monotonous
manual operations, especially when maps with a large
number of winding lines are to be inputted. In certain
cases, the maps to be inputted are so complicated that
the possibility of their manual inputting within reason-
able time casts some doubt (see Fig. 1).

The application of automatic transformation of ras-
ter images into the vector format could reduce the num-
ber of routine manual operations required for the input-
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ting of graphic data into a computer, leaving the editing
of the resulting vector representation for an operator.
Currently, several automatic systems are available for this
purpose. Some of such systems are described in [1-3).

In this paper, we present the principles of design and
discuss algorithms and software of the system for auto-
matic transformation of raster graphic images into the
vector format that is oriented toward the augmenting of
data bases of geoinformation systems (inputting of
maps, city plans, and schemes).

2. PROBLEMS OF THE AUTOMATIC
VECTORIZATION OF RASTER IMAGES

It is unlikely that the problem of totally automated
transformation of raster images into the vector format
can be completely solved. Therefore, in developing the
system under consideration, we pursued less general
but more easily achievable goal—to reduce the number
of routine operations required for the inputting of
graphic images as much as possible and facilitate the
subsequent augmenting and editing of the resulting
vector image performed by an operator. The developed
automatic vectorizer is intended to complement the
available interactive and semiautomatic vectorization
means rather than to replace them.

Solving a problem concerning the expediency of
applying an automatic vectorizer, it is important to ade-
quately estimate its capabilities, as well as its advan-

- tages and disadvantages, in order to implement the pro-

cedure of the inputting of graphic information in the
optimal manner. The part of an image that can be cor-
rectly automatically vectorized is determined by sev-
eral factors, including the quality, the complexity, and
the character of the raster image. For example, it is
unlikely that the application of an automatic vectorizer
could be advantageous in the inputting of plans consist-
ing of straight lines with a large number of intersections
and a low quality of the original. An operator would
cope with this task much more successfully. At the
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Fig. 1. Vectorized image of a map fragment.

same time, there is a rather broad class of images where  part of the image that can be correctly interpreted at
the use of an automatic vectorizer is quite appropriate.  the computer level and to eliminate those vectors from

To achieve this goal, we developed algorithms and  the image that do not belong to certain ordered struc-
software that allow one to vectorize a raster image and  tures or that are inconsistent with the adopted image
analyze the result of vectorization in order to select the  model.
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In designing a system for the automatic vectoriza-

tion of raster images, we should also take into account
the scale factor. Transformation of the images of maps
and drawings is associated with the necessity to process
a very large body of information. In addition, the num-
ber of maps is also usually very large. Therefore, all the
algorithms should be optimized in their speed and in
the requirements imposed on computer resources
(random-access memory, the capacity of the hard
disk, etc.). : -

In connection with these problems, we focused a
particular attention to the development of such algo-
rithms that do not require much space in random-
access memory and do not imply too intense data
exchange between the computer and the external mem-

ory. All the developed algorithms ensure correct pro- -

cessing of an image in the course of a single sequential
reading of the file.

To reduce the load on the disk memory, all the infor- -

mation that is to be written on the disk is stored in a
compressed form. The employed methods of data com-
pression provide an opportunity to store the com-
pressed information in a sufficiently compact form.
However, compression does not interfere with fast ran-
dom access to these data.

3. VECTORIZATION ALGORITHM

The developed algorithm for the transformation of a
raster image into the vector format can be divided into
four main stages:

* binarization of a gray-scale image;

* skeletonization of the binary image;

* primary vectorization of the skeleton image;

* analysis of the vector representation.

As can be easily seen, each stage of the algorithm
implies the transformation of the data into a form with
a higher level of structuring: raster points are trans-
formed into marked skeleton points, skeleton points are
transformed into vectors, vectors are transformed into
vector chains, and the list of chains is transformed into
a graph. Such an approach makes it possible to reduce
the size of data bases without the loss of significant
information. .

3.1. Locally Adaptive Biﬁarization

Obviously, the quality of the output vector represen-
tation is determined, to a great extent, by the quality of
the input binary image. The problem of binarization is
complicated by the fact that, usually, large-size images
are to be processed. Because of nonuniform illumina-
tion of the document in scanners of certain types or
because of inhomogeneities of the document itself, it is
difficult and sometimes impossible to choose a single
binarization threshold for such images.

To improve the quality of binary images, we imple-
mented locally adaptive binarization of the input gray-
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scale image [4]. This procedure was performed in two
stages:

* analysis of the image;

* binarization proper.

Analysis of the image is performed in the following
manner. The entire image is divided into nonoverlap-
ping rectangular fragments, and an intensity histogram
is computed for each fragment. In accordance with this
histogram, we evaluate the local threshold or make a
decision that this fragment does not contain any
objects. In the latter case, the threshold function for this
fragment is determined from the neighboring frag-
ments that contain objects.

Binarization of the-input gray-scale image implies
that a local threshold function is computed for each
point from four adjacent fragments and processing is
performed with this threshold (see Fig. 2). In addition,
to reduce noise on the boundaries of objects, provision
is made for the filtration of the binary image.

3.2. Skeletonization of Images

To obtain the skeleton representation, we employed
an algorithm based on distance transform [5]. The spe-
cific features of algorithms of this type is associated
with the fact that a skeleton can be obtained with the
use of a fixed number of passes through an image,
regardless of the thickness of objects. In addition, each
point of the resulting skeleton contains information

concerning its local thickness. Thus, replacing a binary

image by its skeleton representation, we are able to
save all the significant topological and metric informa-
tion concerning the image, which is subsequently used
in the vectorization and analysis of this image (see Figs. 3
and 4). .

One of possible ways to reduce the processing time
is to apply multiprocessors. With this aim in mind, we
developed a parallel skeletonization algorithm intended
to operate in multiprocessor systems with distributed
memory [6, 7]. '

3.3. Primary Vectorization

Primary vectorization implies the transformation of
the skeleton representation into a set of vectors. At this
stage, we track all the branches of the skeleton, analyze
the obtained information on the behavior of these lines,
and determine parameters of straight lines defined on a
discrete grid that approximate skeleton branches [8].
The results of primary vectorization are written as a set of
vectors with the corresponding attributes (see Fig. 5).

3.4. Analysis of Vectors

Experience shows that it is rather difficult to ensure -
an acceptable quality of vector representation by means
of line tracking and approximation of these lines by
broken (or some other) lines without additional analysis
1996
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Fig. 2. (a) Nonuniformly illuminated input gray-scale image. (b) Image obtained by means of binarization of the input image with
a single threshold. (c) Image obtained by means of binarization with a locally adaptive threshold.

in accordance with a model of an image being analyzed
and on the basis of more global information concerning
the image [1-3].

For this purpose, we developed a data base intended
to be used as part of the considered system, where the
obtained vectorized image is represented in the form of
an attributed graph, which allows a fast and convenient
access to the entire collection of vectors and permits
processing of these vectors. Using this data base, we
implemented several algorithms for the analysis and
processing of vector images to reduce the size of the
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vector description of an image and to enchance the
image.

4. ANALYSIS
OF THE VECTOR REPRESENTATION

Let us consider in greater detail the stage of vector
analysis, because it is this stage that determines, to a
great extent, the quality of the output vector represen-
tation.

Once processing has been completed, the vectorizer
outputs a vector file where all the vectors reproduce the

No. 4 1996



790 KOLESNIKOV e af.

-l

MAL N SN\

—

Fig. 3. Binary image of a fragment of a 1 : 10 000 map.

lines in the skeleton image with a high accuracy. The
vectors in this file are stored in the same order as they
were detected by the vectorizer. Analysis of possible
variants of vector storage shows that the use of a linear
structure for data storage is associated with a time-con-
suming procedure of searching for elements on the
order of O(n), where n is the number of elements, in
such a structure. In the case of a treelike structure, the
search time can be estimated as O(logan }. Therefore, it
was decided to store the vectors using one of the mod-
ifications of a binary directory, namely, the so-called
AVL trees. The specific feature of an AVL tree is that
the depths of two subtrees at each vertex in such a tree
can differ by no more than unity. The search time for an
arbitrary element in an AVL tree does not exceed a

quantity on the order of O(logan ). Thus, the vector
analyzer starts to operate with extracting an ordered
data base from the vector file obtained after primary
vectorization.

4.1. Transformation of a Vector Set into
a Treelike Data Base

To form a data base within the set of vector vertices,
we introduce two relations: order relation and inci-
dence relation.

The order relation “>" implies that two vertices A,
and A, with coordinates (x,, y,) and {x,, y,), respec-
tively, satisfy the condition A, > A, if either x, > x, or
Xy =x; and y, > y,. The relation “>” is defined within the
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Fig. 4. Skeleton of the binary image of the map fragment shown in Fig. 3.

set M = ¥V x V, where V is the set of all the vertices
defined as a set of ordered pairs of integers. In addition,
the relation *>" is the equivalence relation. Now, let us
introduce the incidence relation for vertices. A vertex
A, is incident to a vertex A, if the set / ¢ M that consists
of all the image vectors includes an undirected segment
{A Iy AZ } -

Having introduced order and incidence relations, we
can propose the following procedure for the formation
of the data base:

(1) The vertices of all the image vectors are inserted
into an AVL. tree in accordance with the order relation;

{2) Each vertex element in the obtained AVL tree is
attached to the list of the corresponding incident verti-
ces with a certain additional information. The vertex
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element and the corresponding incident vertex together
with additional information represent a vector in the
initial image.

The employed modet of data for the representation
of a vector image ensures a fast and simple access to the
vector data required at the subsequent stages of image
analysis.

4.2. Chain Extraction from the Treelike Data Base

Formation of the data base with the use of an AVL
tree allows us to represent the vector image in the form
convenient for processing. To solve applied problems
associated with the processing of vector images (to sim-
plify the description of such images, to extract certain

No. 4 1996
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Fig, 5. Fragment of the vector image obtained afier the primary vectorization of the skeleton image shown in Fig. 4.

structures, etc.), we should consider a set of objects at
a higher level of abstraction than vectors. At the
moment, the analyzer employs objects of one of possi-
ble classes—chains of vectors.

A chain of vectors is defined as a set of directed vec-
tors Cy, C,, ..., C, such that the initiat vertex of the vec-
tor C,, ., coincides with the final vertex of the vector
C,,. where t <m < n - 1. A chain of vectors may be
closed and may form a contour. Then, the initial vertex
of the vector C; coincides with the final vertex of the
vector C,,. The ends of a chain are defined in the follow-
ing manner: a vertex is referred to as the end of a chain
if one or more than two other vertices in the vector
image are incident to this vertex. Using chains, we can
describe the majority of objects in an image (houses,
roads, isolines, elc.).

4.3. Analysis af Chains in a Vector Image

At the next stages, the analyzer processes the
extracted chains in order to identify the best structured,
i.e.,, the most informative, part and analyzes these
chains in order to remedy various defects (to eliminate
false branches and approximate chains with broken
lines within the limits of the preset error).

4.3.1. Partitioning of chains inte classes. Once the
analyzer has extracted all the chains in the vector
image, the chains are classified in accordance with a
certain set of features. The necessity to perform such a
classification is due to the fact that, in most cases, an
image includes several details that cannot be recog-
nized by the considered analyzer (text and notation).
Furthermore, an image usually contains a considerable
number of noise components, At the same time, a cer-

tain part of the image can be successfully processed. To
reduce the subsequent work of an operator on eliminat-
ing defects of automatic vectorization, the anatyzer fil-
ters out a part of information that would be definitely
impossible to satisfactorily process.

The classification process is governed by several
parameters, which allows one to adjust the analyzer to
a definite class of images and problems. As chain-clas-
sification parameters, we chose the length of a chain. its
curvature, the number of intersections, and some other
characteristics, including parameters that specify the
relative arrangement of chains in the image. Al in all,
analysis of a vector image takes into account more than
ten various parameters characterizing the chain struc-
ture of the image.

Based on the results of classification, we can divide
chains into two classes: “good” chains, i.e,, chains cho-
sen by the analyzer for further processing, and “bad”
chains, i.e., chains that are excluded from subsequent
processing but that can be saved, if required, in a certain
layer of the output vector file,

4.3.2. Glueing and joining of chains. Because of a
low contrast of the input gray-scale image, binarization
of a gray-scale raster image may be accompanied by the
appearance of defects in a binary image, i.e., discontinu-
ities at certain points of lines in the binary image (and,
consequently, in the vector image). The analyzer is
intended to eliminate such discontinuities if the length
of these defects is not too large.

To eliminate discontinuities, the analyzer checks
whether or not the considered pair of chains formed a sin-
gle continuous line in the original image that could be
represented as a union of this pair of chains (the so-called

PATTERN RECOGNITION AND IMAGE ANALYSIS Vol.6 No. 4 199
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Fig. 6. Two layers of the vector image obtained after processing the fragment of the vector image of the map shown in Fig. 3 with
the use of the analyzer. The layer of “bad” vectors is on the left, and the layer of “good™ vectors is on the right.

glueing of chains). Such a procedure, which is per-
formed for all chains in the image, implies that an
appropriate weight is determined for each configura-
tion, whereupon the analyzer sorts the revealed candi-
dates for glueing in accordance with their weights and
excludes the candidates that should not be subject to.
glueing for given parameters of processing. Once sort-
ing and the elimination of inappropriate candidates
have been compieted, the remaining chains are glued
together in pairs.

Simultaneously with glueing, the chains are joined
at intersection points. The latter procedure implies that,
for each pair of chains having a common vertex at the
intersection point (i.e., a vertex where more than two
vectors meet each other), we consider the possibility
that these chains can form a single continuous chain of
a greater fength. The glueing and joining of chains are
performed in accordance with the same algorithm.

With the use of the above-described procedures, the
analyzer, in fact, extracts image objects with larger
sizes than lines passing from one intersection point to
another. In practice, such an approach allows us to
extract polygons and long lines (isolines, roads, etc.} in
a vector image in spite of the fact that some irrelevant
lines may adjoin these objects.

4.3.3. Elimination of false branches. Skeletoniza-
tion of a binary raster image is often accompanied by
the appearance of false skeleton lines caused by noise
on the boundaries of objects. Naturally, in the vector-
ization of the skeleton, these false branches are tracked
and transformed into vectors. There are certain features
that make it possible to recognize such vectors. In par-

PATTERN RECOGNITION AND IMAGE ANALYSIS Vol

6

ticular, the length of such vectors is comparable with
their thickness at the initial point, and the thickness
decreases virtually linearly as we approach the final
vertex. The analyzer eliminates such vectors from the
chain or attempts to correct them at the stage when the
chains are glued and joined together at intersection
points. The vectors that should be eliminated from
chains are marked as bad vectors and are removed into
the corresponding layer (see Fig. 6).

The above-described procedure provides an oppor-
tunity to eliminate a considerable number of noise
components from a vector image. Manual elimination
of these components would be time consuming.

4.3.4. Elimination of defects in right angles.
In gray-scale raster images, interior angles are often
padded and exterior angles are blurred, which leads, in
particular, to the smoothing of right angles in a vector
image. To eliminate such defects in right angles, we
developed an algorithm that corrects these roundings.
Correction of this type is performed in chains upon the
elimination of false skeleton branches. If necessary,
this algorithm can be employed to correct arbitrary
angles.

4.3.5. Rectification of chains. As mentioned above,
a skeleton image is transformed into a vector image
with a minimum approximation error. Since both the
input gray-scale image and the intermediate binary
image contain noise, the skeleton image also contains a
certain number of noise vectors. In addition, the pro-
cess of skeletonization is accompanied by the appear-
ance of certain artifacts associated with the discrete
character of the image, the type of the spatial metric,
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and other circumstances. Therefore, the extracted
chains consist of a large number of small-size vectors,
which increases the memory space required to store the
vector image and causes considerable difficulties in
subsequent manual editing.

‘To approximate the extracted curves by broken lines
with a preset accuracy, the analyzer employs a modified
skeletonization algorithm [6], which approximates
(with preset restrictions on the approximation error) a
broken line by another broken line with a smaller num-
ber of vectors. This stage of processing of a vector
image (rectification of chains) completes the analysis
of the vector representation.

The application of this algorithm makes it possible
to reduce the number of vectors in chains, on the aver-
age, by a factor of two to seven without causing consid-
erable deviations of chains from the binary image.

The analyzer outputs the resulting file (see Figs. |

and 6) in the DXF format. This file can be edited or sup-
plemented in Autocad or in a geoinformation system
compatible with this format.

5. CONCLUSION

Thus, we developed algorithms and software that
make it possible to preprocess gray-scale raster images,
automatically vectorize them, and perform subsequent
image analysis at the vector level. The developed soft-
ware package is intended to be used in geoinformation
systems for the enrichment of the graphic data base and

translation of graphic information from paper carriers

into a computer.

The developed software package provides an oppor-
tunity to considerably reduce the number of routine
manual operations required to input graphic informa-
tion into a computer and improves the accuracy of this
procedure due to the elimination of the subjective fac-
tor. The application of the developed software package
to the solution of practical problems demonstrated its
high efficiency.

All the developed algorithms were implemented as
a software for an IBM PC. In addition, some of the pro-
cessing algorithms were implemented as a software
for an IBM RS/6000 (Model 590) workstation and a
PARAStation transputer workstation (the Transtech
firm) controlled by a SPARCStation 10 workstation
(the Sun firm).

Currently, the work is in progress on improving the
algorithms and the software. The objective of these
studies is to improve the quality of the output vector
representation and to simplify the procedure of choos-
ing optimal parameters in the adjustment of the system
to a specific type of images with allowance for charac-
teristic features of the problem under consideration.
In addition, we intend to extend the developed algo-

rithms to the analysis of objects contours in those cases
when such a description of objects is appropriate.
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