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ABSTRACT

In this paper, a pattern spectrum component function is introduced for an oriented shape analysis and its prop-

erties are discussed. It can represent directional information of shape more precisely than the conventional oriented

pattern spectrum. An adaptive distance function between two pattern spectrum component functions is presented

to recognize different shapes in noise. As a practical application, the pattern spectrum component function is ap-

plied to warning traffic sign recognitions utilizing the adaptive distance functions. Favorable results are obtained

compared to the oriented pattern spectrum.
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The shape representation and shape-size description
are very important in image processing and computer
vision [1]. Mathemati¢al morphology provides an ef-
ficient approach to description and analysis of shapes
[2-4]. In recent decade, many methods for shape analy-
sis based on the mathematical morphology have been
proposed [5-10}, which can be classified into two cate-

gories : shape structure enhancement and quantitative

401

www.dbpia.co.kr



RGBT LEE '97-3 Vol.22 No.3

shape description. The pattern spectrum, also called a
morphological shape-size histogram, is an important
tool for shape representation in morphological image
analysis [3, 6]. It is a quantitative description of shape,
derived from the morphological size distribution (also
called “granulometeries” in [2, 10]).

In recent researches, Goustias proposed a gener-
alized form of pattern spectrum for multi-structuring
elements [7], Shih a geometric spectrum based on the
morphological skeleton transformation [11], Regazzoni
a statistical pattern spectrum [12], and Zhou a high
order pattern spectrum [13]. However, an oriented in-
formation of shape has not been respected in these
researches because the employed structuring elements
(SEs) such as octagon, square and rhombus are not
adequate to linear directional shapes.

In this paper, the pattern spectrum component fun-
ction is introduced to represent a directional infor-
mation which is difficult to be described by the formal

pattern spectrum. And its properties are discussed.

[I. Pattern Spectrum and Oriented
Pattern Spectrum

2.1 Pattern Spectrum

Let I be a compact continuous binary image, and
let B be a continuous binary pattern, called the SE.
Then, the basic morphological operations are repre-

sented as follows

dilation: 1B ={a;B,N1#0},
erosion: 1@ B={a;B, &I}
opening: 1o B=(1&3 B)®B,
closing: [ * B=(1®B)S B,

where B={—b;bE& B} and B, is the translated B by a.

Then, the pattern spectrum of I with respect to B is

given as follows [6]
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_dager®) o
dr
PS(I, B, = )
_ dA(erB) , <0
dr

where A(I) denotes the arca of T and rB={rb;beB}.
The pattern spectrum can describe the following
informations of shape 1:
1. The lower size parts of the pattern spectrum rep-
resent boundary roughness in I relative to B.
2. The isolated impulses in the pattern spectrum il-

lustrate long capes or bulky protruding parts in 1.
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Fig. 1 Examples of pattern spectra and oriented pattern sp-
ectra. (a) Two test images Ii (i=1, 2) similar to
Korean consonants of @ and =, with the same
areas and widths of 400 and 5, respectively, (b) Area
functions of Ii rB for r>0 and Ii * rB for r<0, (c)
Pattern spectra of PS(li, B, r), (d) Area functions of
Y (liorLy) for r>0 and () (1i e rLg) for r<0, (d)
Oriented pattern spectra of OPS(Ii, r).
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3. PS(I, B, r)/A(lI) represents the maximal degree
that I contains the pattern rB.
4. The big impulses at negative r illustrate the exist-
ence of prominent intruding gulfs and holes in I.
However, in most applications of the pattern spec-
trum, the typical binary area shapes, such as circle,
square, and rhombus, are chosen as the SEs. Fig.1(a),
(b) and (c) show examples of pattern spectrum using
a 3X3 square SE, where we have used two shapes of
Korean consonant styles such as o and = with the
same width of 5 within 20X 30 rectangle. We see that
they have the same pattern spectra and thus it is im-

possible to discern between them.

2.2 Oriented Pattern Spectrum

To enable the pattern spectrum to extract directional
informations of shape, Maragos proposed an oriented
pattern spectrum, denoted OPS(I, r), as follows [6].

dA(Y (1o rLy)
_— r=0
dr
OPS(1, )= dA(N (T * rLo) ¥
—— r<0

where Ly denotes an unit-length line segment SE pass-
ing through the origin and forming an angle § with
the horizontal (0< 6<2n).

Fig. 1(d) and (e) show the results of oriented pat-
tern spectra corresponding to Fig. 1(a), where we have
used four directional line segment SEs:0°{(0, 0)—(1,
0)}, 45°{(0, 0)—(1, 1)}, 90°{(0, 0) (0, 1)}, 135°{(0, 0)
—(—1, 1)}. The result indicates that two shapes con-
sist of line segments of the same lengths of 20 and 30,
and that they have rectangular holes of 2010 and
1010, respectively. But it does not inform about
any oriented angle. The union and intersection oper-
ations over 6 in Eq. (2) give rise to lose each direc-

tional information.

II. Pattern Spectrum Component Function
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(a) PSCFs
. _ I (8=07 -
= : PSCFs
* I | (g=0 ™ | l
= for - :
®) PSCFs . | L
° - 0810 ( B =45°) -8 Il 1] l‘ﬂ

©

ks i

- Areas - “—\
- for -
@ PSCFs : L
L . ¥ (613 L
PSCFs
L (6=13%")

Fig. 2 PSCFs for 0=0°, 45°, 90°, 135° of Fig. 1(a). (a) The
upper left and right graphs represent area functions
of liorLy for r>0 and Ii ® rLy for r<0 when 0 =0°,
corresponding to & and = of Fig. 1(a), respectively,
and the lower are their PSCFs. In this manner, the
area functions and PSCFs for 0=45°, 90°, and 135°
are depicted in (b), (c), and (d), respectively.
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To alleviate the problem of losing directional infor-
mations, we adopt a new approach to keeping 0 in
Eq. (2) alive. We define a function, called a pattern
spectrum component function (PSCF), denoted PSC
(, 0, 1), as

_ —dAUorLy)

N r=0
dr
PSC(I, 0, 1) = (3)
_ —dA(I'l‘Lo) X <0
dr

which can be also considered as a special type of pat-
tern spectrum by adopting a line segment SE L in-
stead of area SE B in Eq. (1).

Fig. 2 shows the results of PSCFs using the same
four Lo’s (6=0° 45° 90°, 135°) as used in the or-
lented pattern spectrum in Fig. 1(d). We see that the
four PSCFs are much different with ¢ and that the
PSCFs of two shapes m and = are distinguishable
for the cases of 0=0°, 45° and 135° except for 0 =90°.

3.1 Properties of PSCF
1. Non-negative.

Each element of PSCF is positive :
PSC(I, 8, 1) > 0 for ¥r and V8.

2. Energy identity.
The sum of PSCF of a shape at any direction 6
equals to the total area of the shape:

j“’ PSC(L, 6, 1) dr = A(I) for V0.
0

3. Translation invariance.
The PSCEF is translation invariant on I:

PSC(l4, 0, r) =PSC(I, 6, 1) for d€R?
4. Rotation properties.
DOPSC(Rot(l, ), 8, 1)=PS(1, § +a, 1),

where Rol(I, a) expresses the counterclockwise

rotated I by an angle a.
@ j PSC(Rot(1, o), 0, )d6 = j PSC(L, 6, )d6
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5. Periodicity.
The PSCF is a periodic function with respect to

0 with a period of n:
PSC(L, n +6, n)=PSC(, 0, ).

6. Symmetries.
DIf I is symmetric on the direction «, its PSCF
is symmetric on the direction a, too.

@If I is symmetric with J on the direction «, then
PSC(, 0, r)=PSC(, 2a—0, 1).

7. Additivity.
For a mutually exclusive set, ie., if I=1,UL
U .. Ulxand [NI;=® for i#j, then

PSC(, 6, r)=3_, PSC({., 6, r) for r>0.

3.2 PSCF of Discrete Bin ary Image

Let X be a finite-extent discrete binary image. Then,
its PSCF at discrete 6 can be similarly obtained from
Eq. (3) by exchanging the differential area and the
real number r by the difference of cardinality and an

integer n, respectively, as

PSC(X, 6, n) = Card(X o nL)\X o (n +1) Ly), >0
Card(X o (—n)LA\X ¢ (—1-n)Ly), n<0
4

where Card(X) denotes the cardinality (the total num-
ber of elements) of X, \ set difference, and nL, the

origin set {0} dilated by Ly n times, i.c.,

nLy= (- (({o} D Ly) DLg)+-) B Ly. Note that 0L, ={0}.
The PSCF of X at any angle 0 is, similarly as

stated in rotation property, equal to that of Rot(X, )

at zero angle. We can thus rewrite Eq. (4) as follows.

Card(Rot(X, ) o nLy\Rot(X, 8)

PSC(X, 0, n) °(n DLy, n=0
, U, n)=
Card(Rot(X, 8) ¢ (—=n)Lo\Rot(X, 6)
e(—1—n~Ly), n<0
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3.3 Adaptive Distance Function
For comparison of two PSCFs, we adopt a distance

function based on mean square error as

DX, Y) =\/ T w(®) ¥ (PSC(X, 6, n)~PSC(Y, 6, n))?
9 n (5)

where w(f) is a positive weighting factor with Y w(8)
=1. As the distance is smaller, the shape X res;mbles
Y more closely.

In consideration of noisy shapes, we develop an ad-
aptive algorithm to be robust to scale changes mod-

ifying Eq. (5) as follows

Adaptive Distance Function

For each 0, do:
{ for each n, compute
T="m {(PSC(X, 6, n)—PSC(Y, 6, m))*;
<[m-n[<Ni};

d(0)=d(0 +T;
mark PSC(Y, 8, m") as visited,
which corresponds to T.

for each m” not visited, compute
d(6)=d(9) +" {(PSC(Y, 8, m)—PSC(X, 6, K))?;

fm"™—k|l<Ni};  }

Finally, adaptive distance

Du(X, Y) =,/ 2 w(0) d(6) ®

Note that the search interval N; in the adaptive dis-

tance function is assumed to be very small positive in-
teger, for example, N; =1 or 2, and that this adaptive
distance function is not commutative, i.e., Da(X, Y) #
D.(Y, X).

We can use the adaptive distance function for the
pattern spectrum PS( ) in Eq. (1) and the oriented
spectrum OPS( ) in Eq. (2) by exchanging the differ-
ential area and the real number r for the difference of
cardinality and an integer n, respectively. Of course,
in the adaptive distance function, it requires only one

repetition process with respect to 8, since 0 is not

variable but fixed.

IV. Experimental Results

To test performances of shape recognitions using
the pattern spectrum PS( ) in Eq. (1), the oriented
spectrum OPS( ) in Eq. (2), and pattern spectrum
component function PSC() in Eq. (3), simulations are
carried out for recognition of 22 symbols in the
Korean warning traffic signs on road.

Fig. 3 shows 22 reference symbols (Xi’s) and filtered
noisy symbols (Yi’s), which are first corrupted by
10% salt and pepper noise and then filtered by mor-
phological open-close operation using 3 X 3 square SE.

With the reference symbols and noisy symbols in
Fig. 3, respectively denoted by Xi and Yi, we have
computed adaptive distances D.(Yi, X)) in Eq. (6) (i, j
=1,2, -, 22).

Table 1 shows adaptive distances D.(Y;, X; in Eq.
(6) using pattern spectrum component functions in
Eq. (3) with 6=0°, 45°, 90°, and 135°. Here we con-
sider Y; as Xy when the k-th element is the smallest,
which is marked by underline, among all elements of
the i-th row. In Table 1, there are four symbols mis-
taken by others:Ys as Xi, Yis as Xis, Y17 as Xis,
and Yy as Xy. We can interpret these errors by ro-
tation invariant property of pattern spectrum com-
ponent functions as noted in section 3.1 since Xs and
X2 are rotated X4 and Xa by an angle 1800, respect-
ively, and both X,¢ and X;7 are in some degree similar
to Xjs in directional pattern spectrum components of
0=45°, 90°, and 135°.

Similarly Table 2 and 3 show adaptive distances
using oriented pattern spectra in Eq. (2) with 8=10°,
45°, 90°, and 135°, and using pattern spectra in Eq.
(1) with 3x3 square SE, respectively. There are, in
Table 2 and 3, nine and sixteen symbols mistaken by
others, respectively.

With these failure rates of recognitions, the propos-
ed pattern spectrum component function shows the

best performance, while the pattern spectrum is the
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Fig. 3 Reference symbols (X)) and their filtered noisy symbols (Y;) fori=1~22.

worst.

In fact two shapes rotated by an angle 180°, each
spectrum results in the same result. But as we see in
Table 1, 2, and 3, it is not so. This tells us that the
above three algorithms are not much robust to noise.
This may be improved by normalizing T by n in ad-
aptive distance function since it can reduce the noisy

effect for long capes or long holes.

V. Conclusions

In this paper, the PSCF is introduced and its prop-

erties are discussed. The PSCF can represent oriented

406

informations of the shape, and is more suitable to de-
scribe the shape of object than both the oriented pat-
tern spectrum and the pattern spectrum. And with the
proposed adaptive distance function, the PSCF can
recognize 18 warning symbols among 22 in noise. The
PSCF may be very attractive to analysis of the other
traffic signs, especially, indicatory signs, since all of
them consist of directional shapes. However rotated
symbols such as < and —, } and 4, etc., and some
symbols of equal directional components such as ¢
and ?, _/ and ", etc., can not be made a distinction

between them.
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Table 1. D.(Xi, X;) using the pattern spectrum component functions.

Reference Symbols Xi

(i

it

1,2 -+, 22

2 3

4 5

6

7

8 9 10 11 12

13 14 15

16 17 18 19 20

21 22

failure

9 224

162 264
169 273
342 149
318
324
368
437
395
335
245
275
281
298
550
422
504
544
234
313
402
367
390

267
375
420
411
378
271
270
309
319
469
467
591
523

300 307
337
377
146
311 ¢
476
484
479
415
238
235
392
398
412
492
625
419
327

632
421
327 337
395 400
424 430
399 406
528 536

318

694
429
509
586
527
428

21
285

478

354 395
261 303
323 342
335 421
389 435
421 426
427 384

295 374 356
311 356 258
373 366 321
257 392 328
287 382 383
286 425 424
265 411 413
138 441 431
411 124
382 370
315 372
350 251

452 326
473 463

680 608
591 574
657 539
679 592
695 617
733 643
714 615
732 609

741 288 362 424
658 285 344 356
711 267 305 406
751 299 366 431
768 362 419 456
783 440 454
762 452 506
502
315
296
352
337
319
520
322
454
47

453 406
429 387
406 392
442 439
477 436
555 408
463
451
424
449
466
422

OX OCOOHR K OODOODODDDODDOXK OCOO

Table 2. Da(X;, X;) using the oriented pattern spectra.

o

Reference Symbols Xi (i

=12 - , 22)

1

2 3

4 5

6

7

9 10 11 12

13 14 15

16 17 18 19

failure
2

W~ U s WK —

61

162

50 236
185

98
246
195
267
161
157
278
183
161

311
215
183
304
303
86
386
218
192
226 225
517 445
263 302
270 284
157 270

193 207
232 245
297 302
_99 117
286 295
227 241
201 213
241 250
291 295
149 155
170 178
214 215
192 192
240
256
219
223
213
382
319 3
306
176

48
i\
313
228
234
30
122
201
297
212

110

(]
180
249
168
118
46

87
309
181
167
226
235
167
320
214
206
240
512
269
266
213

116 335 155 153 226

80 333 158 158 187
165 323 229 236 126
233 345 142 125 255
142 396 244 244 236
134 329 171 171 255
50 332 178 178 197
_50 367 210 210 218
301 _97 259 247 179
180 285 115 109 198
156 282 78 _69 151
214 285 231 231 129
215 281 204 205 164
177 283 162 172 217
191
169

239 211
70 253

225 61 298
184 74 291
_97 294 261
217 232 217
200 238 314
252 57 327
199 129 317
191 206 315
192 273 158
183 209 175
147 170 146
12 265 169
104 275 110
222 _32 276
191 351 130
172 201 123
158 160 161
218 197 214
447 502 361

150
133
235
163
191
178
152
186
227
170

89

143
139
260
175
240

221
202
197
214
269

533
534
520 5
380 ¢
571 2
162 237 546
180 222 546
225 228 554
199 145 381
153 183 381
85 163 408
146 199 195 493
161 192 213 463
138 122 202 529
193 245 221 350 :
113 _85 164 390
60 _40 171 424
164 165 150 387
424 415 364 122 433

248 247 268 241 205 164 458 _58

218 263 224
257 156 193

228 194 155 429 128
142 98 202 413 272

270
216
256 155
123 24
380 313
123 289
B 25
277 129

K OOK OX OCOOH OQOOODDOM OMX K X
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Table 3. Dy(Xi, X;) using the pattern spectra. The symbol +denotes a number of two ciphers, so that for

example, 13+ is greater than 1300.

Reference Symbols Xi (1 =1, 2,

-, 22)

I 2 3 4 65 6 7 8

9 10 11 12 13 14 15

6 17 18 10 20 o1 2g| e

1777 303 377 544 563 648 730 738 84T 327 331 518 528 637 10+ 11+ 603 435 315 645 833 798
2 (851 191 131 594 604 844 482 489 836G 281 325 644 660 781 10+ 11+ 746 369 333 713 807 854
31908 283 164 633 644 850 493 505 567 226 214 605 639 799 683 740 763 198 350 505 442 809
4 |581 111 226 307 318 904 232 240 834 484 513 884 909 10+ 961 10+ 10+ 349 569 816 723 904
5 |803 354 265 545 555 485 434 440 857 604 616 959 984 11+ 10+ 10+ 11+ 463 704 898 814 626
6 |11+ 816 770 955 964 147 267 273 956 759 763 909 926 10+ 11+ 12+ 10+ 769 830 914 993 463
7 [13+ 966 885 11+ 11+ 394 _50 52 862 860 856 10+ 10+ 12+ 10+ 10+ 11+ 824 997 955 901 376
8 |13+ 968 895 11+ 11+ 344 51 63 891 868 866 10+ 10+ 12+ 10+ 11+ 12+ 859 10+ 973 926 419
9 |14+ 10+ 655 11+ 11+ 11+ 925 925 177 467 441 218 264 535 355 472 501 591 456 195 217 914
10 [578 239 283 270 283 882 968 975 754 265 241 224 236 393 10+ 10+ 349 362 279 476 789 907
11 940 317 253 652 664 851 537 543 647 139 156 565 591 768 908 979 725 169 321 568 641 770
12 |10+ 461 271 574 583 894 976 982 269 206 223 422 448 645 491 585 607 174 203 246 324 928
13 |11+ 539 451 364 371 912 10+ 10+ 403 325 326 342 343 435 351 388
14 1921 446 434 419 438 904 11+ 11+ 570 357 328 307 340 599 633 655
15 |14+ 914 596 886 895 10+ 950 954 347 283 284 185 218 507 387 465
16 |11+ 10+ 763 12+ 12+ 12+ 097 998 393 460 437 103 95 281 _8Q 215
17 {14+ 903 670 370 376 977 10+ 10+ 342 418 397 _93 130 387 181 332
18 {12+ 724 497 705 717 913 822 827 233 117 133 438 479 738 611 684
19 1776 188 123 542 550 874 991 10+ 531 225 238 263 328 597 751 800
20 (14+ 914 619 709 716 10+ 10+ 10+ 263 327 297 326 367 654 428 550 588 487 211 _94 263 10+
21 |12+ 766 426 914 924 10+ 937 938 285 223 207 278 303 550 428 504 496 370 197 345 215 920
22 114+ 10+ 10+ 12+ 12+ 342 11+ 11+ 10+ 10+ 999 11+ 11+ 13+ 12+ 12+ 12+ 989 11+ 11+ 11+ 674

w

179 481 10+
277 183 938
390 242 993
362 215 10+
350 350 774
290 108 143 534 945

88 106 359 233 10+
446 236
402 106
704 392
558 436
149 320

%%§§§§“§
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