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1. Introduction

One of the earliest papers on picture processing by
computer [1] introduced a simple method of “cleaning up"
noise in a binary-valued digital picture : 1's are
changed to 0's if they have more than a certair number
of 0's as neighbors, and vice versa. Since that time,
many other methcds of nois2 cleaning have been developed,
including refinements of the neighbor-counting method
le.g., 2-3] and methods based on selective spatial
frequency filterling .=.g., 4-6]. In addition, many
investigators have developed noise cleaning techniques
appropriate to particular classes of pictures, and have
used them as part of the "preprocessing" for specific

pictorial pattern recognition tasks.

-

The purpose of the present reporr is to describe
an approach to noise cleaning based on applying "propa-
sation” (or "distance"-computing) operations to the given
picture. In particular, it is shown how this approach
can be used to clean noise while preserving thin,

elongated "signals".
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1. Introduction

One of the earliest papers on picture processing by
computer [1] introduced a simple method of "cleaning up*
noise in a binary-valued digital picture : 1's are
changed to O's if they have more than a certair. number
of 0's as neighbors, and vice versa. Since that time,
many other methcds of noi-2 cleaning have been developed,
including refinements of the neighbor-counting method
(e.g., 2-3] and methods based on selective spatial
frequency filterling .-.g., 4-6]. In addition, many
investigators have developed noise cleaning techniques
appropriate to particular classes of pictures, and have
used them as part of the "preprocessing" for specific
pictorial pattern recognition tasks.

The purpose of the present .nouon.n is to describe
an approach to noise cleaning based on applying "propa-
sation” (or "distance"-computing) operations to the given
picture. In particular, it is shown how this approach
can be used to clean noise while preserving thin,

elongated “"signals".
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To illustrate the limitaticns of the classical ap-
proach to ncise cleaning d<scribed in [1], consider the
binary-valued digital picture shown in Figure 1. Here
it might be reasonable tc regard the circles (which look
like ellipses because the vertical and horizontal spacing
on the printer are unequal) as “"signal", and the dots
as "noise”- the streaks might be regardeld as signal for
some purposes, the

probability that an element is a noise dot, or the cen-

as noise for others. In Figure la,

ter of a streak, 1s 0.UZ3; in Figure 1b, 0.05; in Figure
lc, 0.10:; and in Figure 14, 0.20.

Let UM“.UQ the set of elements at distance < r + X%
{rom (i,3); let n_ be the number of elements in this set.
Let F (vhere 0 < A < 1) be the operation which takes

K, A

the binary-valad diga.  picture .-Sv into the binary-

valued digital picture AUSV defined as follows:

b.. = 0 if the number of 1's in o..wv is € A n
1) i) r
= 1 if this number is 2 :a::n
= a. _ otherwise
1)
In other words, P

- leaves .-wuV unchanged except (pos-

sibly) for elements having very man; 0's or very many
1's as neighbors: such elements ihemsel. es become 0's
or 1's, respectively.

to

Pigures 2-8 show the results of applying -n A

Pigure 1 for the following values of r and \:
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Figure F 1 A

2 1 0.2

3 1 0.3

= 1 0.4

S 2 0.1

6 2 0.2

7 2 0.3

8 2 0.4
Note chat for r = 1, the set o“; is a 3-by-3 "square” con-
sisting of (i,)) and 1ts eight neighbors:; while for r = 2,
Umﬂ. is an “octagon” having 21 elements.

It is seen from these results that excenrt for the
lowest values of i, these operations treat the streaks as
noise; however, only for high A are they eliminated en-
tirely, while for lower i's they shrink but do not com-
pletely disappear. (Note that for r = 2, diagonal streaks
are treated more harshly than horizontal and vertical

streaks, since the set omn. is five elements high and

ij
wide, but only three elements across in the diagonal
directions.) Evidently, neighbor-cuunting mx >hods cannot
be effective for high levels of “"dot" noise without also

treating streaks as ndise.

A further difficulty with these operations, as seen
in Pigures 2-8, is that noise which is close to the edge
of the "signal” is usually not elimirated, since when
(i,j) is such a noise o~ol.9n-uhwv contains many “signal”
elements. (This problem becomes increasingly troublesome
as r increases.) To eliminate this objection, one can
modify the neighbor-counting method along the following

lines (compare [7])):
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Let n»u = 0 1f (1,3) 1s 1n scme 0%”-: which the number
of 1's 1s < A n : C = 1 otherwise
r 1)
. . (r)
n—u = 1 if (1,)) is in some ozr in which the

numier of 1's 1is u.nt‘vsnu apu = 0 other-
wise

and let G
r, A

be the operation which takes (a ) into
.o-uV defined by

J

e =0 1f ¢ = d = 0
1) 1) 1)

. = 1 i1f ¢ = d = 1
1) i) i

B = a otherwise.
1) 1)

In other words, n—u = 0 1f (1,3) 1s in some neighborhood
cons.sting mostly of 0's, and in no neighborhood consisting
mostly of 1's: o—u = 1 1f the opposite 1is true: and

Q-u = u»u 1f (1,1) is in neither type o1 :n both types

of neighborhood. Evidently, this operation ~»n, 1in
principle, eliminate noise even if it is close :o the

edge of the signal. For example, it can turn a “"." into

a "0" if some neighborhood containing it consists mostly

of 0's, even though the neighborhood centered at 1t dces

not .,

Figures 9-15 show the results of aoplving an .t

Figure 1, for the same values of r and » as in Figures
2-8. It will be noted that the noise cleaning power

of nn , 1s generally higher than that of the corresponding
ﬁn... (Even the weakest G's treat streaks as nolise: note,
however, that for r = 1, diagonal streaks are treatec more

.

harshly, since a 3-by-3 square can intersect such a streak

in only one element, while it must intersect a horizontal
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A
Oor vertical streak in at least three elements.) Note
immediately under this treatment, so that for such a "1*"
also that for r = 2 and = 0.4, G is actually poorer
we have h.,. = f. = g.. = 0, and analogously for isolated
than F, since for large r and : it becomes increasingly 1) *3 3
O's; but in a region where 1's and 0's are mixed together,
€asy to have ¢, = 0 and 4 =1 at the same point, so
-3 <) f,; and g. . will usually differ, so that we will have
that e = a__ and noise is not cleaned. 1) +3
1 13 :mu = 3jy- Note that in general, if there are man: 1's
We can also consider another approach to noise in a neighborhood of radius 2r of a given "1", expansion
cleaning in which "promagation” Processes are used.

of the 1's by r will cause "fusion" to take place, so
Specifically, let H .e the operation which changes 0's

that we will have mwu = 1 and the given "1" will not be
to 1's if anyv of their eight neighbors are l1's, and let

changed to a "0O" by mn. Figure 16 shows the result of
H similarly change 1's to O's 1f any of their eight applying H. to Figure 1.
=(r+l) _(r) 1
neighbors are 0's. Let .muuV = H(H (H 5..)3).

S
.a:. -.._ .:.?:_m.:?:,:. and let H_be the ope-
ration which takes mnu into .:»u- defined by

A

h. . =0if f =g =0

1) ) 1) ’
h . =14if § =g =] i
1) 1) 1)
h = a otherwise. i
1) 1) -
In other words, we obtain .nnu, from .n»uv by "expand- !

ing” (or “propagating”) the l's r times, then "re-
“ontracting” thea (or equivalently, expanding the 0's)
r + 1 times, and finally re-expanding the l's once.
Evidently, an isolated “1* first expands under this
treatment into a sguare of radius r, but then contracts
and vanishes completely. However, if the “1" belongs
to a cluster of 1's which "fuses” (see [8]) under the
expansion, it will not vanish under re-contraction.

Similarly, we obtain .OMu. from (a ) by first expanding

1) mw
the 0's (or equivalently, contracting the 1's) r times,

a2

then contracting them r + } times, and finally re-ex-

Panding them once. Clearly an isclated "1" will vanish
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3. Elongation analysis

The “propagation” scheme just described, like the
neishbor counting schemes, treats both dous and streaks
as noise. 1In this section, a more complex scheme is
described, based on propagation, which treats the dots
(and eventually, even the large circles) as noise, and

the streaks as signal.

To see the basic idea underlying thnis scheme (8].
consider the effect of contracting an objzct (e.g., the
set of 1's in a digital picture) and theu re-expanding
it by the sawe amount. It is easily seen that ~he re-
expanded object cannot contain any elements which were
not in the original object. On the other hand, it need
not contain every element of the orijinal; for example,
if an object is contracted by an amount greater than
its radius, it disappears completely, so that there is

nothing left to re-expand.

Suppose that the object S is contracted by k steps
{(i.e., the operation which turns 1's into 0's if they
have 0's as neighbors is applied k times to the picture)

and then re-expanded by k steps (0's having 1's as

neighbors are turned into 1's, k times). Let mr be the

result of this contraction and re-expansion (so that m#

is a subset of S), and 1el mw = m..mw be the set of
elements of S which are not in S, . Let A_Dbe a connected

component of m#. Since every element of the subset >w

of S disappeared under contraction and re-expansion by

k steps, mw cannot be more than 2k "wide". Suppose that

- 2

“he ar.a of ># is (say) 10k“ or greater. Since its "width"




1s at most 2k, its "length" must thus be at least 5k,
i.e., 2% times its “"width", making it elongated. Here
“length” and "width" can be taken Jiterally if mx 1s

a rectangle: but in yeneral too, it :s reasonable to
call a connected set elongated 1f 1ts area is more than
2% times the square of its greatest “width" (where the
"width” of a set at a point might be defined as twice

the distance from the point to the set's border) .

The criterion just described requires refinement
before 1t can be used as reasonable definition of

“elongated”. Note, in fact, that the objert

1111
disappears under contraction by one step, but since 1its
area is only 4, it would not be called elurgated. This
is because the criterion was designed on the basis of
objects which are elongated in spite of being as wide
as possible. Indeed, the onject

11

11
also disappears under contraction by one step, and has
area 4, but is certainly not elongated. If an object
disappears under one step of contraction, the criterion
calls it elongated only if its area is at least 10,
since it may be 2 wide, but this criterion is too severe
for objects which are only 1 wide. In general, the
criterion must be too severe for objects of width 2k-1,
1f 1t is not to he too lenient for objects of width 2k:

but as k increases, this difficulty diminishes.

The objection Just raised can be overcome if the

definition of the contraction process can be modi fied
SO that objects of width 2k-1 and 2k require different
tumbers of contraction sSteps before they cCisappear.

In particular, Suppose that the process is redefined
as follows: on odd-numbered steps, chinge 1's to O's

if trey have 6 or more 0's as neighbors: on even-num-

bered steps. change 1's to G's if they have any O's

3s neighbors. It is easily seen that a rectangle n
elements wide takes n steps to disappear under this
modified process (rather than W or www. depending on
whether n is even or odd, as under the Process described
originally). If an object is contracted by k steps

using the naw pProcedure, and then re-expanded(by chang-

ing 0's to 1's if they have any 1's as neighbors, W
g 7 i
times, where 2 1is the largest integer not greater

than WV. one can again consider connected components
of what fails to reappear, and define a component to be

elongated if its .._ea is(say) waw or grea‘“er.

A further objection to this class of elongatedness
criteria is their sensitivit; to noise, Suppose, for
example, that a f2k+1) -by-(2k+1) square of 1's contains
a single "0" at it. center: then it disappears under
contraction by only k+1 steps (rather than 2k+1 steps),
so that (for k 2 2) it would be called elongated by
the criterion just described, which (at least for large
k) seems unreasonable. Or the other hand, if the "hole"
in the ceater of thre square is large with respect to k,
it is not unreasonable to call the "square" elongated,

since it is really an annulus,

N e & Tataceit o

P—
.




This last objection can be overcome by carrying cut

@ more elaborate pPropagation procedure, in which elon-
gatedness criteria are applied, nwnon:u-:o~<. to both
the 1's and the G's in the given picture vo. and con-
nected components which are not found to be elongated
are treated as noise. muonnnnnn-<. the 1's in vo are
Coatracted by one Step as described earlier®*, and the
small (=non-elongated) connected components which dis-
appear (=fail to reappear) remain as 0's, while the

onowmonon components are changed back to l's. Con-

versely, the 0's in vo are contracted by one step, and

their non-elongated components which disappear become
1's, while their elongated components are changed back

1 and vn. re-

Spectively. At the second stage, the 1's in vm are

contracted by two steps and re-expanded, and their

to 0's. Let the resulting pictures be p

non-elongated components which fail to reappear remain
as 0's, while the elongated components are changed back
to 1's; and analogously for the 0's in vu Let the re-
sults of this stage be v~ and Vm. respectively, and

repeat the process, conctracting the 1's in v~ (the

0's in vmv by three steps and re-expanding: and so on.

In the example of the Square with a hole at its center
considered in the preceding Paragraph, it is easily seen
tnat if the width of the hole is less than 1/3 that of
the square, the hole will disappear under shrinking and
re-expansicn of 0's before the square (annulus) disap-

pears under shrinking and re-expansion of 1's; so that

* BNote that for k = 1 we have .Mhlo. so that at this

step there is actually no re-expansion.

holes will not make an object elongated unless they are

at least as wide as the pieces of object which separate
them.

In practice, it turns out that the threshold used
to decide whether a Component is elongated should nct be
the same as that used to decide whether a component is
“noise”. 1In the examples which follow, a component is
allowed to disappear only if its area is < ww (rather
than 2k rn as would be requirec for an elongatedness

decision).

Figures 17-18 show the results of one-step contrac-
tion and re-expansion of both the 1's and the 0's in
Pigure 1: (a) Connected Components of what failed to
reappear, successively labelled B, unsesW B, Bysue,V,
o RUL Lol e (b) Table of the areas of the components
(¢) Result of deleting "noise" components which failed
to reappear. Figures 19-20 show the next stage (two
Step contraction and re-expansion). If the process
were repeated further, little would change until the
Sth stage, when the circles themselves would <. sappear.
The results of applying the process to a cloud cover
picture, for 15 Stages, are shown in Figure 21: (a)
Original picture (cloud elements denoted by blanks,
noncloud ky 1's);: (b) Noncloud elements labelled 1,
2,... according to the stage at which they fail to re-
appear and are deleted (“x“ denotes elements which have
not been deleted even at the 15th stage): (c) Noncloud

{,lr»
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elements labelled 1, 2,... according to the stage at
which they fail to reappear and are found to belony to
elongated components: (d-e) analogously for cloud
elements. [Note that this noise cleaning method may
occasionally make a “"cut” across a region at a point
of constriction; this is probably aggravated by the
fact that the expansion and contraction operations
being used are "non-EBuclidean” (a “circle” of radius

k is actually a square), so that tke constrictions

look narrower to the operations than they actually are.
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