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Abstract. Effective algorithms for dilation (erosion) and skeletonization of binary pictures, rep-
resented in compressed form, are described. The proposed line-by-line algorithms are fast and
require small memory area, which does not depend on the size of a processed picture. The results
of implementation the algorithms for processing of line drawings are presented.

1. Introduction

Let vertices of those polygons, that constitute the contour of a binary picture
v(i,7) — {0,1}, be called corners. There are eight types (Fig. 1,a) of the corners and
the corners of types 1-4 be called convex and of types 5-8 be called concave ones.
The set of coordinates of these corners represents one of the lossless compression
forms [8,9] of the binary picture ensuring restoring of the initial pixel representation
of this picture.

The corner representation (CR) can be effectively used, for example, for transla-
tion, scaling or inversion of the binary picture and for adding or subtraction of two
binary pictures. For performing the first two operations only coordinates of the cor-
ners in the picture must be changed in some way. For inversion of the picture every
of four corners in vertices of the rectangle, bounding the picture, must be added to
its corner representation in the absence of this corner and removed otherwise.

Let ¢t be a center of some square consisting of 4 pixels (Fig. 1,b), p1 — p4 be
the values of these pixels and dy = p2 — p3, do = p1 — pa, dd = (dy — d3) be
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Fig. 1. The types of the corners (1-8) and special places (1-10) in the point t of the binary picture.
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correspondingly the first, second and double differences of the pixel’s values around
this point. Therewith the point ¢ is the corner in the binary picture if |dd| = 1 in
this point. Some point be called also a special point (SP) in the binary picture, if
this point is either the corner or the center of patterns 9-10 in Fig. 1,b and be the
SP in the multilevel picture if |dd| > 0. A set {z,y,dd} of coordinates and double
differences of SPs be called a difference representation (DR) of the picture. By sum
of two pictures is meant a result of summing of their pixel’s values and by sum of
two DRs is meant a merging of SPs in these pictures. During this merging instead
of some coinciding SPs only one SP with the same coordinates and total double
difference must be introduced. It is true also that DR of the sum of two pictures is
the sum of DRs of these pictures.

The algorithm for adding of two binary pictures v; and v, in the corner form
consists of the following two parts: 1) summing of DRs of these two pictures and
2) line by line retrieval of the multilevel picture v = v, + v from its difference
representation; binarization of the picture v by the threshold equal to 1 and the
corner coding of the result binary picture. In greater detail this algorithm will be
considered in Section 2.

An effective algorithm for tracing the contour of the compressed picture and re-
moving the objects with area (number of pixels) less than given threshold is described
in [10]. The tracing of the contour is carried out in [10] during one pass scanning
of the picture and deletion of the objects is fulfilled by removing their corners from
initial data. Considered above examples prove that corner representation can be
effectively used in different algorithms but of special interest is the development of
the effective algorithms for dilation(erosion) and skeletonization of binary pictures
as most time consuming and most often used in the practice.

Dilation of the picture v by mask image z; with representative point ¢ can be
represented as v, = |J =z, where v, is a set of black pixels of the picture v. Usually

tCw
the number of operations for dilation of the picture depends on the numbers of
black pixels in the original and mask images. In Section 2 the effective algorithm for
dilation of binary pictures in compressed corner form is described and computational
complexity of this algorithm depends on the numbers of the corners in the pictures
v and z;.

Skeletonization [1-7] provides significant geometric features extracted from the
binary image data. These features represent the lines that approximate the cen-
ters of so called maximal circles or squares, inscribed in the patterns of the picture
under processing. Two main approaches are used for skeletonization of the binary
pictures: the algorithms [2,5,7 ] of the first (thinning) approach use different vari-
ants of connected deletion operators for iteratively performed shrinking of elongated
binary objects to thin line-patterns; on each iteration every boundary(contour) pixel
is inspected and those pixels, that are not required to maintain connectivity or ends
of lines, are erased. The algorithms [3,4,6 ] of the second (not iterative) approach
define the skeleton points from distance measurements with respect to the opposite
boundary points of the regions.

In Section 3 the modified version of the skeletonization algorithm [6] is described.
The algorithm implements the second approach and defines the skeleton during
one pass sequential scanning of the picture. The computational complexity of the
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Fig. 2. Two multilevel presentations of the dilated picture.

algorithm depends on the number of the corners in the picture and does not depend,
instead of [3], on the size of maximal squares in the picture. Section 4 contains some
experimental results and Section 5 some concluding remarks.

2. Description of the dilation algorithm

Let us define corner line as a boundary of two (upper and lower) neighbouring
picture’s rows that contains fwo or more corners of this picture. The definition of
the line of special places in the picture is similar. The algorithm for dilation of
binary pictures consists of three main parts.

The first part of the algorithm consists in transformation of the CR of the picture
into its DR, which is carried out during bottom-up and from the left to right scanning
of corner lines in the picture. Let us suppose that the most left and bottom point
in the picture has coordinates (0,0), and left column and bottom row of the picture
are known. Let T} be a set of points, ordered along some, say, i-th corner line, such
that every point is either the corner or the end of a run of pixels (having the same
value 0 (white) or 1 (black)) in the lower row of the picture. During processing of
this corner line all points ¢t C T; are successively considered and for every of these
points the values p1, p2 of to right neighbouring pixels (Fig. 1,b) on the basis of
values ps, pa, |dd| and dy = p1 — ps are defined: p; = py +ds2 and p, = 1, if either a)
|dd| = 1 and p; + p3 + p4 is the even value or b) |dd| = 0 and p; + p3 + p4 is the odd
value, and p; = 0 otherwise. The retrieved values p; — p4 are then used for defining
parameters of SP (if any) in the current point ¢ and also for run length coding of the
upper row of the picture. Before processing of the next (£ + 1)-th point the values
ps, pa are set equal to p; and ps correspondingly, and during processing of the next
(i + 1)-th corner line the run length coding data of the upper row are used, being
the retrieved data for the lower row during processing of the previous corner line.

The second part of the algorithm consists in retrieval of the DR of some multilevel
picture v, which after thresholding by 1 represents the dilated original binary picture.
Every connected component of the picture v can be usually represented as a sum of
original binary picture’s component with a some additional picture. Let us suppose
that the mask image represents a black square and its representative point is a
center of this square. In this case the additional picture is a strip, which can be
represented as a sum of intersected horizontal and vertical rectangles (Fig. 2a).
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Let I,, be the size of mask image, [. be the length of some line segment of the
component’s contour and I, be the length of the rectangle, corresponding to this
line segment. Then [, = I, + l,, if the corners at the ends of this line segment
are convex ones; [, = l. + l,,/2, if one of these corners is convex and another is
concave one, and [, = [, if both corners are concave ones.The DR, of every of these
rectangles consists of four SPs in vertices of this rectangle. In Fig. 2,a the original
binary picture and multilevel presentation of expansion of this picture by one pixel
are shown. The pixels of the multilevel picture have the value equal to 2=1+1 in
intersections of neighbouring rectangles in this figure. For performing the second
step of the algorithm it is necessary to define SPs of the additional picture and to
merge these SPs with SPs of the initial picture.

Another way for presentation of the additional picture consists in summing pixel’s
values of every two rectangles, that correspond to the same concave corner, and in
joining of all other rectangles. In Fig. 2,b an example of corresponding multilevel
representation of dilated picture v is shown. In this figure the pixels in intersected
regions of summing rectangles have also the value equal to 2. The DR of the picture
v can be received by 1) moving of every SP, that corresponds to convex corner in
the original picture, on the distance of mask image’s diagonal in certain direction,
corresponding to the type of this corner; 2) assigning to every SP: (z,y,ddp), that
corresponds to concave corner of the type t,, new double difference value dd, =—ddy
and introducing of two new SPs: (z,y+y,dd) and (z+z;,y, dd), where a) dd = —1,
Y1 =1lm/2, 21 = 1nf2,if t; =5, b)dd =1, 41 = —Iln/2, 21 = 1n/2,if t, = 6;
cdd = -1, 11 = —ln/2, 21 = —Inf2,if t; = T;and d) dd = 1, 1 = 1,/2,
Ty = —lm/2, if t; = 8; 3) ordering of all SPs and summing of the dd values for
coinciding SPs. Therewith the SP of the type 9 or 10 (Fig. 1,b) must be considered
as a pair of two SPs of the types 1 and 3 or 2 and 4.

Performing of the second part of the dilation algorithm depends in general on
the mask image, and for every of these images the algorithm for retrieval of the DR
of the multilevel representation of the dilated original image must be defined. For
example, if the mask image represents a circle, then concave corners of the original
picture will be processed as described above, but processing of every convex corner
will result in his replacing on some group of the corners, representing correspondent
quadrant of the circle’s contour.

The third part of the algorithm is similar to the first one and consists in line
by line retrieval of the picture v on the basis of its DR, thresholding of this picture
by threshold equal to 1 and corner coding of the result binary picture. This step is
carried out during bottom - up and from left to right scanning of the points along
the lines of the SPs in the picture, such that every point p is either SP or the end
of the run of pixels, having the same value in the lower row of the picture. During
processing of every of these points the values p;, p2 of neighbouring pixels (Fig. 2) on
the basis of values p3, p4, dd and d» are defined: p, = ps +d; and p; = p3 +dd +d,.
The retrieved values p; — p4 are then used for checking if there is the corner in every
point p and also for run length coding of the upper row of the picture.

The algorithm of erosion of the binary picture is similar to the considered above
algorithm. It can be represented also as dilation of the inversed initial picture,
followed by inversion of the dilated picture.
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IMig. 3. (a) The basic and auxiliary skeletons of the binary picture. (b) Decomposition of the
picture into two subpictures.

3. Description of the skeletonization algorithm

A certain square S,, C R? in the binary picture v is called maximal square [6] if
Sy consists of black points and this square can not be increased without violating
this feature. A basic skeleton of the picture v is defined as a set of central points of
the maximal squares. The basic skeleton represents a set of horizontal and vertical
lines, as well as some separate points in the picture and is shown in Fig. 3,a by
thick lines. An auxiliary skeleton is a set of additional line segments, ensuring the
connectivity of the produced skeleton, and is shown in Fig. 3,a by thin lines. Corner’s
coordinates represent the compressed form of the picture and also important data
for skeleton detection, because to every such corner corresponds (in appropriate
diagonal direction) the end of skeleton line segment.

A certain square Sy is called dissective square (Fig. 3,b) in the picture if (a) the
vertice of the square S; coincides with the concave corner ¢ , (b) the diagonal of this
square coincides with the bisectrix of the corner g and (c¢) the square Sy consists of
black points and can not be increased without violating this feature.

Let us suppose that intersection C,NSy belongs to the same connected component
of the contour C, of the picture v. It means, that there is no in the picture v the
white component or pattern (the connected set of white pixels), such that its contour
contains the concave corner ¢. In this case splitting the picture v into two connected
pictures v; and vy (Fig. 3,b) is called decomposition if (a) vyNvy = Sy, (b) viUvs = v
and ( ¢ ) v1 # S4, v2 # Sq4 . Connector is the line segment (Fig. 3.b) linking centers
of those two maximal squares S; and S, such that S;4 C S; C v; and S; C Ss C v2.
The following two statements are valid: (a) the basic skeleton of the picture v is the
union of the basic skeletons of the pictures v;, v2; and (b) the auxiliary skeleton of
the picture v is the union of auxiliary skeletons of the pictures v, v2 and a third
set containing only the connector. That is why skeletonization of the picture v can
be reduced to decomposition the picture v into two pictures vy and vy, followed by
skeletonization of these two pictures.
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Fig. 4. Decomposition of the picture in concave corners g and gq;.

Otherwise if the picture v contains the white component with the concave corner
q(z,y) of the type 5, but below this corner there is no another corner of such type,
the picture v has the concave corner g (z1,y) of the type 8, neighbouring to ¢, and
decomposition of the picture v into two pictures can be carried out after defining
dissective squares in the corners g and ¢; (Fig. 4).

Let us define also a notion of a residual picture. Let L be a horizontal line with
ordinate y dividing the picture v into two parts. The operation of decomposition
of lower part v;(y) of the picture is called permissible, if ordinate of upper side of
dissective square, corresponding to this operation, is less than y. After carrying-out
all possible decompositions of the picture vp(y) some set of rectangles below line L
and also some set (it may be empty) of the parts of the picture touching to this line
will be received. The union of these parts represents the residual picture v,(y) of
the picture vp(y).

Some picture that does not contain the corners of types 5 and 8 be called a
simple picture. At first let us consider the algorithm of skeletonization of the simple
picture with the contour which does not intersect vertical sides of dissective squares
corresponding to concave corners of types 6-7 in this picture [Fig. 5,a]. If the simple
picture does not contain concave corners, then it is rectangle and its skeletonization is
obvious. Otherwise the skeleton of the simple picture can be detected in the following
manner. The concave corner g with the least coordinate z and the dissective square
in this corner are detected. Then decomposition of the picture into two parts is
carried out: one of these parts is the rectangle and another is the simple picture,
which does not contain the concave corner q. These operations are repeated to
complete removal of concave corners in this picture. The skeletonization algorithm
of other simple pictures [Fig. 5,b] only somewhat differs from considered above. The
computational complexity of skeletonization of any simple picture linearly depends
on the number of corners in these pictures.

The algorithm for skeletonization of any (not only simple) picture processes the
picture during its bottom-up scanning, so that the boundary of the scanned part
successively occupies positions coinciding with corner lines in this picture. In doing
so the algorithm processes some, say, i-th corner line with ordinate y; using not
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Fig. 5.  Simple pictures.

all picture vy(y;) below of y; , but only the residual part v,(y;) of this picture.
The residual picture v, (y;) consists of one or some connected components. During
processing each of these components v, (y;) it can be defined whether this component
has continuation above ¢-th corner line or no. In the second case the picture v,.(yi)
is the simple one and its decomposition must be carried out as considered above.

Otherwise the decomposition of the component vpe(yi), correspondent either to
the corner g of the type 5 or 8 with the least absciss and ordinate y; or to two such
neighbouring corners, is carried out. If there is no such corner in the picture v,.(y;)
this picture is joined to the residual picture vy(yi+1). Otherwise, two following
pictures as a result of decomposition v,..(y;) in this corner are produced. One of
these pictures does not contain corners of types 5 and 8 and hence it is the simple
picture, which must be skeletonized as described above. Another picture does not
contain the corner g and it must be processed in the same way as the initial picture
vre(yi): carrying out the decomposition in the next corner with the least absciss and
S0 on.

4. Performance

The dilation(erosion) and skeletonization algorithms have been implemented in the
software system for automatic input, processing and semantic interpretation of line
drawings and maps. Fig. 6 shows a 1248x1700 original image on the left, its di-
lation (isotropic expansion) by two pixels on the middle and its skeletonization on
the right. Size of the original picture is 270x170 mm. After scanning this picture
with the resolution 200 dpi the volume of noncompressed TIFF file is 570 kbyte
and the volume of corner representation of the picture is 97.1 kbyte. Dilation and
skeletonization of the picture take 0.6 and 1.5 sec. on IBM PC Pentium 120 The
volume of output (postprocessed) skeleton is 31.2 kbyte. The developed software
processes the picture part by part and that is why it can be used for processing of
large-size line drawings.

5. Concluding remarks

Fast dilation and skeletonization algorithms have been developed and presented
in this paper. The proposed dilation algorithm is fast because its computational
complexity depends on the number of corners in the picture and does not depend on
the number of the pixels in this picture. This algorithm processes the picture line
by line and requires small memory area for its performance.
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2

Fig. 6. Results of expansion by two pixels (b) and skeletonization (c) of the original picture (a).

Comparing developed skeletonization algorithm to algorithms [2-5] we find the

following.
1. The proposed algorithm is essentially faster, taking in account, that different

computers were used, in that it is a) width independent and b) it does not
require each pixel of the pattern to be tested except only some points (corners)
of its contour.

. It is structure preserving and is oriented toward a structure-descriptive skeleton

representation, because the set of detected maximal squares represents thin lines
instead of isolated pixels or points.

3. It requires small memory area, which does not depend on the size of input data.
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