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Abstract

Smoothing of the digitized object boundary or
subpixel reconstruction of the original image is
necessary in processing digitized images and in
computer graphics display of images.

We introduce a reconstruction algorithm by
polygonal approximation for curving edges proposed in
[1] to estimate the digitized object boundary. This
method gives a good subpixel estimate for the object
boundary. However, for curving boundaries it does not
necessarily give a smooth or visually pleasing result.
Therefore, we propose an expanded reconstruction
algorithm using B-splines. Experimental results show
significant subpixel reconstruction.

1. Introduction

Digital binary images that consist of continuous
straight or curving line boundaries are used in diverse
fields such as fax machines, digital copy machines, and
computers. Digital binary images are obtained using a
grid of pixels or square cells, with side T, which are
colored either black or white. The pixel level is
determined by whether the center point of the cell lies in
the black or white region. The resulting digitized
silhouette consists of regions whose boundaries are links
of horizontal and vertical line segments of pixel length T.
Then, the digitized boundary can be represented as a 4-
directional chain code with links whose end points are
not at the center of a pixel cell but at one of its corners.
The link end points are called chain points which form a
discrete representation of the boundary curve.
Reconstructing the image then consists of fitting a curve
near to the chain points.

Such reconstruction can be done in a number of ways.
Here, we consider using an approximation for which
both the original and the reconstruction give the same
digital straight line in the local region around each chain
point. A chain code sequence is said to be a digital
straight line if there exist straight lines with that
representation.

In section 2, we introduce a reconstruction algorithm
by polygonal approximation for curving edges. Then in
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section 3, we give an expanded reconstruction algorithm
using the B-spline which gives visually pleasing result
for use with curving edges. Then experimental results
are presented.

2. Reconstruction Algorithm

Suppose a straight line is digitized and a digitized
boundary is obtained as shown in Fig. 1. Let denote a
coordinate of a chain point is given by (i. /). i=1.2.3.....
Jj=1,2.3..... If (i, /) and (i+1, j) are adjacent chain points,
then the pixel center point (i+1/2, j+1/2) must lie above
the boundary and the pixel center point (i+1/2, j-1/2)
must lie below the boundary. In Fig. 1, the center points
lying above the boundary are shown as squares, and
below the boundary are shown as circles. Then, we find
the squares form the upper convex hull and circles form
the lower convex hull. Let us denote them as A, and B..
respectively and let /, be the minimum length line
joining A. and B.. The algorithm then causes the
reconstruction line to be the perpendicular bisector of the
line /, [2].

For curving boundaries. a modified procedure is
proposed. From the chain point, extend the chain
sequence in both directions an equal amount. The chain
sequence is extended as far as possible so that the chain
sequence is still a digital straight line. From this chain
sequence we can obtain a particular “reconstructed” line
which satisfies the chain sequence constraint, i.e. its
digitization gives the same chain sequence. The
smoothed or reconstructed point is then the original
chain point projected onto the reconstructed line [1]. The
polygon formed by these projected points form the
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Fig. 1. Links for chain code sequence 100101
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Fig. 2.(b) Chain point shifted by (-.308, .462) gives projection

onto reconstructed line.

Table 1. Coordinates of projected points.
CHAIN CODE SHIFT CHAIN CODE SHIFT
000000 (0,0) 0000 (0,0)
000001  |(-.019,.096) 0001 (-.05,.15)
000010  [(-.059,.235) | 00100 || (=22,44)
000100 (-.15,.45) 0100 (.2,-.8)
001000 (.15,-.45) 1000 (.05,-.15)
001001 (.2,-.4) 0101 (.25,-.25)
001010  |(.154,-.231) 1010 (-.25,.25)
010000  [(.059,-.235) 1001 (0,0)
010001 (.05,-.15)
010010 (0,0) 10 (.25,-.25)
010100  [(-.154,.231) 00 (0,0)
010101 (-.25,.25)
100000 [(.019,-.096)
100001 (0,0)
100010 (-.05,.15)
100100 (-.2,.4)
100101 [(-.308,.462)
101001  |(.308,-.462)
101010 (.25,-.25)

reconstructed boundary. This procedure is illustrated in
Fig. 2 for a chain point with the three links on either side
forming the chain code sequence 100101. For fast
implementation, a look up table is stored as to all chain
link sequences in the first octant of even length up to six
along with the corresponding shift of the projected point
from the chain point, which is shown in Table 1.

3. Reconstruction Algorithm by the B-
spline

It is possible to use a polygonal approximation to
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estimate curving object, but the reconstructed object
boundary would be a set of straight lines. Here, we
expand the reconstruction algorithm to curving objects
by using a B-spline. In the new algorithm, first, we
apply the reconstruction algorithm by polygonal
approximation to a digitized object and obtain projected
points. Then, we apply B-spline smoothing to the
projected points to give the estimation of curving objects.
Generally, a B-spline curve is represented as a
multinomial function, but we can consider weights for
the projected points by using a rational function for a B-
spline curve. A variety of curving lines can be expressed
by considering weights for each projected point using a
rational B-spline curve. Let us denote Py, P, ..., P, as
control points (projected points here), and positive real
numbers Wy, W\, ..., W, as weights for each control point,
respectively. Let g be a positive number and
o(@) =g/ ZJ, where li indicates the biggest integer

less than x. Using the B-spline function Ny9(¢). let us
define
n+26(q)

> WiN9(t-i)P;
1==2¢(q)
n+26(q)

2

J=-2¢(q)

o = ((q) st =sn+d(q)

WJNQU—})

(D
Equation (1) {Q(t)]() sls n} is called gth power of the

rational B-spline curve with control points Py, P,, ..., P,
and weights W,, W,, ..., W, [3].

Here, the projected points are estimated by any of two,
four or six links of chain code sequences. Therefore, we
define three types of weights, w,, w, and w for each case
of the projected points. We have to consider two issues
with respect to the weights: one is the accuracy of
projected points and the other is to satisfy the chain code
constraint on the reconstructed image. First, each type of
the projected point contains different accuracy. Let us
call the points estimated by six links of chain code
sequences as type (i), estimated by four links of chain
code sequences as type (ii), and estimated by two links of
chain code sequences as type (iii), respectively. Then, the
accuracy of type (ii) points should be greater than that of
type (iii) points. Similarly, the accuracy of type (i) points
should be greater than that of type (ii) points. It gives the
first condition on weights as follows: weights have to be
greater in order of importance of the points. Assuming
the weight in type (iii) w,=1.0, the weight in type (ii) wq
and the weight in type (i) ws can be expressed as 15wy
=ws. Second, digital binary images are obtained using a
grid of pixels or square cells which are colored either
black or white depending on whether the center point of
the cell lies in the black or white region. If a



Fig. 3. The worst case of a chain code sequence.

reconstructed point is located over the center point of the
pixel, the redigitized image would be different from the
original digitized image. Fig. 3 shows the worst case of a
chain code sequence for which it is not possible to satisfy
the chain code constraint on the reconstructed image.
Consider the case in Fig. 3 and apply a cubic B-spline
function to reconstruct P;. Assuming Py(0, 0), P,(0, 1),
P2(1. 1) and Ps(1. 0). the following equation has to be
satisfied.

_woN3(+ DPoy + wi N3 (OP1y + wa N3t - DPyy + waN(E-2)P3y -

Wwo N+ D+ N3O+ wa N -D+ ma N3 (1 -2)

y

(2)
By calculating (2). the second condition w4<2.2727... is
obtained. Overall, weights have to be decided as w>=1.0,
10§ W4<2.27, qu‘f&’o,

4. Experimental Methods

A circle is considered as a good example of a curving
object, because a circle can express various curvatures by
varying the radius. Hence, we use digitized circles with
various radiuses to decide weights of the reconstruction
algorithm by the B-spline. In the followings, we show
the methods and the procedures of experiments.
Experiment 1
Object: Circles (center points are located on the grid
points.)

Procedure:

1) Define the normalized average error e of
reconstructed points for the average radius of a
reconstructed circle as follows:

=
n
E(h_?’ave)z ,/
€= \ - *'frf"aw
n-1 /
and define the weights that minimize e as optimized
weights. For each pattern of circle, optimize the weights,
ws and we.
2) From the weights obtained in 1), set four
combinations of weights, ws and ws including the case of
wi=we=1 for comparison. Calculate e for each
combination of weights for each pattern of circle.
3) From the result in 2), discuss the recommended
combination of weights.
Experiment 2
Object: Circles (center points are not located on the grid

(3)
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points.)

Procedure:

1) Calculate e for four combinations of weights set in
experiment 1.

2) From the result in 1), discuss the recommended
combination of weights.

5. Experimental results

Table 2 shows the results when optimizing the
weights so that the normalized error e gives the
minimum value. The radius varies between 32 and 220
for pixel length 32. Eighteen patterns of circles are
shown and the average radius of the digitized circles
with the optimized weights varies between 29.751611
and 215.428620. In pattern 1, since the radius versus
pixel length is less than 1, the projected points are
estimated only by two links of chain code sequences.
Therefore, ws and ws can take any values. In pattern 2
and 3, the radius versus pixel length is still small and
take the value between 1.77 and 2.07. In this case, the
projected points are estimated by either two links of
chain code sequences or four links of chain code
sequences. Therefore, ws can take any value. In pattern 5
and 6, ws takes close value to w, such as 3.1 or 2.3 for
ws=2.2. In this case, the radius versus pixel length varies
between 3.01 and 3.66. After pattern 7, ws takes much
greater value than w, except for pattern 11. + in table 2
shows that the weights can be decided only by w4 and ws,
since there is no projected point estimated by two links of
chain code sequence. As the radius gets bigger. there are
some cases that w; and ws can take any value, since all
the projected points are estimated by six links of chain
code sequences. * means the normalized error e is
calculated as ws=25.

Table 2. Experimental results.

Pattern r w. e e | wil.l.1) | w{l.2.3) | wil.24) I wil.26)
1(320) | 29751611 mny an; 0.015030 |0.015030 [0.015030 |0.015030 10.016030
2 (64.0) | 56574831 22 any 0.009565 |0.026900 10.011654 |0.011664 |0.011554
3(80.0) | 68 129064 22 any 0047630 0063888 1004974 A 6 |0.04874
A(B8.0) |misoass| 22 20.7 0.044968 [0.066645 |0.04B461 |0.047994 |0.047263
5 (96.0) | 96307577 22+ 31 0.033256 10.033320 [0.033257 |0.033336 |0.033712
6(120.00 {117 oG2620 2.2 2.3 0.018240 |0.024810 0019189 [0.019242 [0.019414
| T(128.0) hizeosizqe]| 22+ a0 0.003898 |0.0084%9 |0.006610 0.006313 0.

144.0) ljaege60sa| 22+ | infinity® |0.045804 [0.064286 |0.052979 |0.061890 |0.060233

148.0) 144 maname| 22 infinity* |0.023683 |0.029095 10024899 |0.024800
[10(156.0) 1sie7ieea) 29+ | infinity* 0018780 [0.024133 |0.022980 |0.022146 J0.021044
11(160.0) [167 701192 22 38 0.015423 |D.018551 |0.015914 |0.016810 |0.016008
12(176.0) |164 452231 | 22+ | infinity* [0.023087 [0.026624 |0.025806 0.026237 |0.024509
13(182.0) |173 402147 22 infinity* |0.029747 |0.036190 |0.032679 |0.0322Z88 1716
14(192.0) [186 494789 23+ 206 0.002249 |0.007022 |0.005835 |0.004966 |0.003815
1520000 lieagveaiz]| 22+ | infinity* [0.007645 [0.012426 |0.011362 |0.010609 0.009619
1G(208.0) |167 740047 22 infinity* |0.026920 |0.031704 0020062 |0.028739 |0.028284
17(212.0) 211 062358 22 19.5 0013264 |0.016876 |0.014021 |0.013885 [0.01
18(220.0) |2105 428620 | 22+ nfinity* [(LO0S041_[0.011760 (0,01 1064 _|0.010650_|0.010094




(a)Polygonal approximation. (b)B-spline with weights(1,2,4).
Fig. 4. Reconstructed circles (Experiment 1, Pattern 11).
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(a)B-spline with weights(1,1,1). (b)B-spline with weights(1,2,6).
Fig. 5.

Reconstructed circles (Experiment 2).
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(a)Polygonal approximation. (b)B-spline with weights(1,2,3).
Fig. 6. Reconstructed “a"s.

We set four combinations of weights depending on
the result in experiment 1 as follows: i) from pattern 5
and 6, w;=1. ws=2, and we=3, ii) from pattern 11, w,=1,
ws=2, we=4, 1i1) from patterns after pattern 7, wr=1, ws=2,
ws=6, and iv) w,=ws=we=1. The normalized errors with
these four patterns are shown on the right half of table 2.
This results show that w(l, 2, 3) causes the minimum
normalized error up to pattern 6, and w(l, 2, 6) causes
the minimum normalized error in the most of the
patterns after pattern 7. Fig. 4 shows circles
reconstructed by polygonal approximation and the B-
spline with w(l, 2, 4). Fig. 5 shows the result of
experiment 2. The center point of the circle is moved to
(28, -6) for pixel length 32. Fig. 6 shows the result when
the algorithm is applied to general images.
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6. Conclusions

By using a polygonal reconstruction algorithm, fast
and good quality reconstruction of digital binary images
has been achieved. In this study, high quality
reconstruction of curving images is achieved using a
reconstruction algorithm by the B-spline. In the new
algorithm, we apply B-spline smoothing for projected
points. By using rational B-spline curves. we can
consider the weights for each projected point. The
projected points are estimated by any of two links of
chain code sequences, four links of chain code sequences,
or six links of chain code sequences. Therefore, we
define three types of weights, wa, ws, and ws for each case
of the projected points. Here, we have to consider two
issues with respect to weights: one is the accuracy of
projected points and the other is to satisfy the chain code
constraint on the reconstructed image. Assuming w,=1.0,
it is necessary that 1.0 =w,<2.27, w,=w, From
experimental results, recommended weights for curving
objects are decided. Table 3 shows the recommended
combinations of weights as to radius versus pixel length.
As the radius gets larger, reconstructed points estimated
by six links of chain code sequences are increasing. In
those cases, smoother curves are obtained by
strengthening the weight we.

General images consist of both curving and straight
line boundaries and curves have various curvatures:
therefore, small weights are appropriate. Experimental
results show that the combination of weights, w,=1.0,
w,=2.0, and w,=3.0 is appropriate for recommended
weights for general curving objects.

Table 3. Recommended combinations of weights.
radius versus pixel length w;  wy  ws
less than 4 1 2 3
greater than 4 1 2 6
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