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A In this report & / edge detecior
for nolsy situations is proposed. The definition of the gradient bas been
iniriated from the algorithm for finding & border in a binary picture. The
merit of this opermior has been compared with those of otber widely used
operators. A measurement of error In extracting edges by thresholding the
gradient has also been suggested, and for the detection of acceptable edges
the optimum threshold is chosen corresponding fo the minlma ln the error
function.

L INTRODUCTION

Recognition or classification of piciures by digital computer is
generally done by vsing the informalion contained in the cdges
bewween different regions. Success of the recognition algorithm,
Lo some extent, depends on the edges extracted in the previous
stage of processing. Edges may be defined as abrupt changes in

istic features like, brigh color, texture, elc. Detec-
tion is performed cither by frequency or spatial domain lech-
niques [1}, [2). In this report a spatial domain lechnique has been
considered for edge detection which is nothing but the differenti-
ation of the gray level of the pixels in the discrete domain.
However, results obtained using this method arc very much
affected by the noise present in the piclure. To solve this prob-
lem, a noisy picture is first enhanced by smoothing and then the
spatial gradients are computed. Methods proposed by Rosenfeld
and Thurston [3), Sobel [4], and Prewitt {S] belong 10 this class
and are considerably immune lo spurious noise. Though the
sbove-mentioned operators reduce the effect of noise, they also
thicken the edges.

This report presents a conceplually different edge detector for
noisy pictures. The new operator can be characterized as a
dilferentiation/enhancement scheme. Here the definition of the
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gorithm for finding the borders in a binary picture is ¢
2nd then generalized 10 find the gradient in & mullﬂmle;imqm

A Alg_wllhm Jor Border Finding

By the border of a binary picture subset or object S, we
the set S, of pixels of § that have neighbors in § or "Wm
G.;:;pemr!uyﬂ, rﬁpm&ub:f.di;mbesdd that 0 ig g,
en in, icture. Hence, -inding i
described 13 folows ity
Algorithm 1:
Step 1: Compute the logical exclusive-0R between Oc(h, /) ang
Og( = k, j = 1), which is Og(/, /) shified by K, L1 w
consider all the cight-neighbors, values of k wil be -1
0, and 1, but both will not be equal 10 2610, Let us o
these pictures O(k, /).
Compute the logical OR of Os(k,!) for all Possible
values of k and / (except k-l-o)loobuino‘,m
overlay of S,.
To obtain O, the overlay containing S, comy
logical D Betweca O and Oy, T

Step 2:

Step 3:

B. Generalization to the Measure of the Gradient
Before the generalizing Algorithm 1 to multilevel picrogey,
some (natural) algebraic operations that are equivalent 1o Booka
operations are presented. Using a truth table, it can be verifid
easily that
@ AND b = min (a,b)
aoRbwmax{a,b}
a exclusive-OR b & |a — b]
asm-a,

where m is the maximum value that a can attzin. Hence, using

gradient is yielded by generalizing an algorithm devised for
finding the border of a binary picture using parallel processing.
The gradient at selected pixels of the image is enhanced or
modified using local properties, so that the effect due to noise is
reduced and the edges are kept reasonably thin. In Section I1, the
border linding algorithm for a binary picture and its evolution 1o
the measure for gradient in a multilevel image is described. The
properties of the new operator are presented in Section IIl and
the performance of this operator is compared with that of other
widely used operators based on these properties. Another im-
portant problem in edge detection is to select a threshold that
transforms the gradient picture to a two-level picture containing
optimum edges between the regions. In Section IV, selection of
such a threshold is given depending on some measures of ermrors
in thresholding, Section V describes the implementation of the
algorithm and discusses the results,

I ALGORITHM FOR FINDING THE BORDER IN A BINARY
IMAGE AND ITs GENERALIZATION TO FINDING THE
GRADIENT IN A MULTILEVEL IMAGE

Bdge detection segments a picture by finding the border be-
tween different regions, say, objects and background. Binary
(baving gray-level one for objects and zero for background)
pictures can be described as the optimum representation of such
regions with the least ambiguity. In this section, a paralle] al-
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ese P Algorithm 1 can be expressed fora
multilevel picture f(1, /) as given below.
Algorithm 2:

Step 1: Compute |f(i,j)~ (i = k, j = 1)) and denote it by
Jol, j), where k = =1,0,1 and ¢ = ~1.0,1 (exorpt
k= 1=0). )

Step 2: Compute g(i, j) = maxy,,{ f.4(i )}

Step 3: Find b(i, ) analogous to 0, in Algorithm 1 by coa
potng mia (g, S )

Since there exist some basic differences in characteristcs of

binary and multilevel pictures, algorithms developed for tea

should also reflect the same. Algorithm 1 extracts a sel of pixds.
whereas Algorithm 2 finds the gradient of graylevels. So
convenience, Siep 3 should be omitted from Algorithm 2 Nov
the outcome of this algorithm will be equivalent to the ovicoa
of Step 2 of Algorithm 1, which gives the edge, . of thicioes
two. S, consists of the set of pixels, which are § border of S &
well as, the set of pixels, which are § border of . Thresbold®s

of g(i, ), similarly, will try to give edges of thickness 0.

obtain the edges of thickness one, any three consccutive Sift

only one of which is a diagonal shift, can be used instead of &g}

shifts as described in Step 1. 3

However, for some nolsy sifuations in multlevel P“""‘:
exiracted edges may become broken or discontinuous. Since

the next stage of processing, the broken edge results ia 0‘:

trouble than a thicken one, all the eight shifts have been.l&‘ s

define the gradicat. Hence, in short, the gradient g(i. ) (*

multilevel picture can be defined as

s(0,)) = e (/1. 1) - - k5= 0
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where, k.1¢{~=1,0,1}, ot in & more general way

8(i»J) = max{1f(1.)) = /(u,0)1} (1b)

where (u, v) s the ncighboring pixel of (1, /).

. Enhancement of the Gradient

Now the gradient g(i. /) is to be modified to make it immune
1o spurious oise. Algorithm 3 is developed to achieve the re-

quired modification using some local properties.

lmually a coarse thresbold T, is chosen to reduce the number
of compulations required for Algomhm 3 considerably. It is
inferced that the pixels (4, j). for which g(i, j) < T,, cannot lie
on the edges. Let us define a set 4 that contains the gray levels of
2l the neighbors (w, v) of the candidate pixel (i, j); that is
M).

A= {ala,=f(u0).form=12,- - 2

Algorithm 3:
Swep 1: 10 g(i,j) < T, got0Step 5.
Step 2 R(i, j) + max{a,} - min{a,).
Swep J: 1 R@i, j)= 0, golo Step S.
Step 4 plivj) « l/M}: 14,
oli, j) = Y/MEN_ja,, - u(i, j)
w(i, j) « 20(i. /)/R(1. J)
G, )« wii, (i /)
80 10 Step 6.
Swp 5: G(i, j) = 0.
Step 6 Output G(i, j).

It will be shown later that the value of w(i, j) varies between
0.75 and 1.0 for a step edge and is much less than 0.7 when
isolated spurious noise induces false edge points.

From Algorithm 2 and Algorithm 3 it is clear that the tech-
nigue 1o obtain G(/, /) is hybrid in nature, 50 it will be called the
hvbrid operator.

ill. QUANTITATIVE COMPARISON OF EDGE DETECTORS

In this section, the performance of the hybnd edge detector
with those of some other widely used edge detectors due to
Roscnleld and Thurston and Sobel and Prewitt will be compared.
All these operators are more of less immune (o noise. Before
finding differences, these popular edge detectors enhance the
picture by smoothing. The Sobel md Prmll operators smoot.h

ighb d. The R d and

(where /= 3)

3 ) .
o,--;-,):“{:l/(:—zu.j_-_ul)

—i i/(l-1+k,]-i+D

1] k=1

2312 £ -1k gm2en

I-I k=l

—’2“)_‘,1(1—3+/:/ 2+I) “
lnnmnm)ythggndxmld(l])hobmnodbym!mmm
or average or maximum of G, de,asgvnh(J)mdw
Here the max operator is used; Le. G(/, /)-mu(G..Gz),
achieve a meaningful comparison with the hybrid operator.
cause of the nature of the point operator, G, andG,(ln(!)md
{4)) can be defined interchangably without affecting the value of
G(i, )) Aned;:udeemdpm:nnl(i(l J) exceeds a prede-

fined threshold, say, T.

A. Edge and Displ
Desirable properties of an edge detector are 1) amplitude
response invariance to the choice of origin or reference axes; 2)
litud nse invariance to edge orientation; and 3) ampli-
tude of the edge detector response where it decays rapidly as the
edge moves away from the ceter of the mask All of the edge
delectors considered here possess the first property. Regarding
other properties, the edge detectors’ merits are compared for an
ideal noise-free step edge. Fig. 1 shows one such edge passing
through the center of a § X 5 mask and is inclined to the vertical
axis by an angle 8. Fig 2 shows the variation of response with
the edge orientation, that is, 8 for different operators. It is seen
from the figure that the variation in amplitude for the hybrid
operator is much less than those for other operators. Fig. 3
presents models of (a) vertical and (b) diagonal edge displaced
from the center of the mask. Displacement seositivity for differ-
ent operators is shown in Fig. 4. Fig. 4 reveals that the amplitude
response for the hybrid operator is maximum when the edge
passes through the boundary of two adjacent pixels and decays
more rapidly than the amplitude response curves for the other
operators as theudgemﬁu from!bebotmduymmh:rdnm-
tion. This characteristic is desirable for the extraction of weak
edges or streaks.

B. Noire

the picture over a 3 X 1
Thruston operator does the same over an / X I{J = 3,5,7,+--)
neighborhood. Increasing mask size decreases the noise sensitivity
becavse of the inherent noise averaging pedormed by the oper-

Anmh:nmpahnlpropcnyhlmedydemanhouldhve
is low sensitivity to random noise. The study of this property is
comphutdbythehc(lhnheadwd:pmdonlkd:mmd
operator (root mean square or magnitude average or

alor, However, use of a large size of neighborh
with the performance penalty which makes the edges lluck. Sowe
have taken here f = 3.

Now

s =L+ 1) w1 j+ ) +f(i+1,5+1)
i

Gi= 2+w

~fi=1 =) =w-f(i,j=1)-f(i+1, )=
Gz-mu(zu J=D+w-fi+ 1)+ [+ 1.+

=1 =0 =wef(i=1,1) = (1= Lj+ Db
3

For (he Sobel operator w =2 and for the Prewitt operator
b = 1. For the operator proposed by Rosenfeld and Thursion

maximum of the magnitude) as well as the threshold. For noisy
muumwmhddsﬂwnmbemmulmd&oﬂbnmh
missing of valid edges and creation of voise-induced false edges.
Abdou and Pratt [6) have studied the noise sensitivity of some
widely used operators using statistical analysis. However, this
type of analysis is not followed here for the reason that the
notion of valid edges is somewhat fuzzy, and the conditional
probability densities p(G| edu)mdp(clnoedwmmbe
modeled rather than estimated.

We have already said that the edge detectors proposed by
nwmmnmmmnwmmmmmm
of spurious noises by hing over &

So noise sensitivity of the hybrid operator will be considered, in
lhssnbucuon,bmdmlhmkulmhn;uhdcd&phdund
including [alse edge pixels induced by noise. Consider a mask

that contains (M + 1) pixels within its ares. Among these &




164 IEEE TRANSACTIONS ON SYSTEMA, MAN, AND CYRZRNETICS, VOL. SMC-1S, NO, l.uuum/mnm“m

L

|

Fig | Model of an ideal siep edge passing ihrough the celer of mask ead .
having inclination # with venical axis.
Fig. 2 Amplitude response of different operaton 1o wnelinanon § in may
eme.

NN

MR
W
N

U

;% xsh
-
¢

x+h

AN
Rnn

ANAAANANN ARNANARNAN NN

\

DA

NN
NN

Fig 3. Models of step edge displaced from the center of mask. (a) vertical sicp edge. (b) diagonal siep edge.
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Fig 4 Displacement sensitivily of different aperators. (s) Foe a vertical edge. (b) For a disgonal edge.




ON SYSTIDAL MAK, AND

Fig. 5. Plot of weighting facsor wi/, /) veomus y(see iexi).

candidale pixel and y number of pixels have gray-level 2 and the
rest (M — y) number of pixels have gray-level g + A. It can be
readily assumed that if any edge really exists in the vicinity of the
candidate pixel then (for M > 2)
1 Y
S‘Tl-_y‘l
Now the amplitude of the hybrid edge detector can be found as
follows:
8(r.s) =la+h—al=hi
i) = +(M-M a+h)
R 1 R K
ai.j) = 37 (In(0 ) = aly + (i, j) = a = H(M = y)]

Sy,
Ml

R(i.j)=h

20(4. /) - 4y(M-y)

b J
R(1,j) M
Hence, the gradient, G(i, j) finally can be given as

a(1.)) - 2y,

Fig. 5 represents the variation of the weighting factor w(/, /)
with y. It is scen from the figure that the value of w(i, /) decays
very quickly outside the interval 1/3 < y/(M — y) < 3. Hence it
can be inferred that for isolated spurious poises, the value of
w(r:.j)mnbeverylawmdwnmqumdylheeﬂoclalmbeon
G(i. j). The amplitude of the hybrid edge detector will also be
sufficiently reduced.

w(r.j)=

IV. SELECTION OF OPTIMUM THRESHOLD

_Another basic problem of edge detection in case of mulilevel
pictures is to select the value of the threshold that transforms
gradients of the picture onto another picture, That is

¥:6(i,j) - B(L.j)

7 denotes the thresholding operator, and B(i, j) is a binary
piclure where picture subset S, contains only edge points of
U, j). Openator I satisfies the following two conditions

;)-’ilnalinvaﬂbkshoeilknolane—m
) 7 can take any value 7; as threshold from the interval

11*;'(0(1./)).77(6(1./)) .
Edges between the regions (that is, subset S, of B, /)].can bo
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10 be extracted. 3) If peither the shape of S, nor the threshold 7,
is known a priori, then T is 50 chosen such that S, satisfies some

properties most closely.

Notations:

(Twk=1,2--- 1) Anoncmpty set of threshold values

(Pyi=1,2--+ ) A nonempty set of propertics that an
ideal edge should possess,

Ep(T;) An error-function characterizing how

loosely §, satisfies the property
P, for the threshold 7,

4(T,) Some convex combination of By(T)
Ep(Ti) o Ep (TL)-

Hence, T, can be taken as oplimum threshold if
(1) - mia (4(1,))

and picture subsct S, is accepted as an optimum edge.

A. Implementation

Here the third approach is implemented to select the optimum
threshold. It is an adaptive technique using an incomplete set of
properties.

P, Edge or picture subsel S, should be of thickness ome.

P, A string of pixels in S, takes a spatial trn of 0° or £45°

at most of the elements (pixels).

Let a pixel (7, /) and lts oeighboring # pixels are first selected
as elements of S, due o thresholding T,. For thin and connected
ed;es(exaepllhemes-/hen(l,j)iumnﬂmlpixdorillhson
the boundary of the picture (rame or & genuine bifurcation of
edge occurs at (i, /) the value of n will be ny (say). For
¢ight-connectivity, ny is equal to two and for four-connectivity,
ny may be two, three, or four. Here we use eight
deﬁniﬁonoledmwlmmnmlolummbegimby
|a — 2| Since a discontinuity in an edge causes a more severe
error than the thickness of it in the context of preservation of
information, the error due 1o the property P; can be expressed as

E(f)= L ¢m-2
w.nes,

where g is a constant and kss than one.
“The property Py states that the distance between at least one

pllrolpixds,homlhgsel-o!nnd;hboﬁn;pixds,wmbzm
The notion of eror measurement due to this property can be
formulated as

max (I = ibblh Al

B (T) = 2-
(%) u./)):is,[ (heA)lige )
where (iy, i) and (i3, j) are the clemeots of the set of n

boring
inally, the error-function &(7; ) takes the form

PR TG AR L Y O

whmn,.kmwmmbeddmnuhs,md0<A<l.ll
is observed that the plot of &(7,) versus 7, takes the shape of a .
convex function. The value of 7, that corresponds to the valley
of the_plot hiss been taken as the optimum



Fig 6 An example of subst §, whose elesents are indexed.

TABLE]

2 - max |y =
(i h)r iz )

Index of hblh = Al

the Pixel 09¥n-2)

Bomuntawn—
NuRLNwaRn =[x
—o~o~ocooRN

Ep(Ty) = 0122 EpiT)=1

B. Examples

Lalueonsd:rmmmpkthlshmhnwvempmenots
Ep(Ty) and E,(T}) in practice. Before proceeding, we choose
the value of ¢ which will be required to compute Ej (7,). Since
Eq(T)) increases with the difference between the number of
peighboring pixels # and n,, s0 g must satisfy the following
conditions:

ina = nel < % ng = 1= mg

<=2 mgl< e <g°D - gl
and
q70lmo = mo|
< mp 1= g < ¥ ng + 2 - ny
C<qB -l ©)

The value of g can be found iteratively using inequations (5). In
our case, ny = 2 This leads us 1o pick up ¢ = 0.93 as one of the
possible mlnuonsol inequation (S). Now consider Fig, 6, where
indexed pixel represent the clements of S, obtained duc to the
threshold 7,. For the pixel with index 2, the error duc to
property P, is 0.9l — 2| = 0.93 and the error due to property
P, is 2 (since, it bas only coe neighbor; w"'h“h"e“l‘
ishlA — Al} cannot be computed and is
Similarly for (h:pudmhhdu9hvm;lhmnqhbmvhh
lnda1 8, and 10, emor due o property P, is 09V - 2| =
0.804. Now the checker-board distance between the pixels wi
index 7 and index 8 is 1, with index 8 and index 10 ia 2, and with
index 7 and index 10 is 1; therefore, the error due to Y
is 2 - max(1,2,1) = 0. Ep(T;) and Ej(,) are cb by
Mngm:emfalnmepndsd\nmpmmahmd?,.
ty. Table I due to dilferent propertics
I(Memlpuzls
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Fig. Ta). An sy ol au /; o m.lg
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and for different valucs of A.

Conddam'hummphwmmeahroflhﬂl‘
l(ﬁ)nmnwmwmmmu anlhenleml
of optimum threshold 7,. Fig. 7(s) shows an array of ineg®
number representing G(lj)(whmO<G(:1)<l$.hnl
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Fig. 8. Gradient picture obualned by using different operators for vertical asd disgonal edges.

1, j). Fig, (b) gives the corresponding B(i, /) for different values
of T,. The plots of &(7,) versus Ty, for A = 0.5 and X = 0.75
are shown in Fig. 7(c). Here also ¢ = 0.93 is taken. It is seen that
for both the values of A minima of the plots appear at the same
T, lie. T.). This indicates thal the selection of optimum threshold
is not much sensitive to the value of A.

V. REsuLTs AND Discussion

To test the elfectiveness of the hybrid operstor as an edge
detector, it has been applied 10 two artificial pictures baving
vertical and diagonal step edges, respectively. Other popular edge
deltectors are also applied 1o the same pictures for comparison of
their merits. The algorithms have been simulated in a general
purpose EC 1033 computer using the Fortran language. Both the
input and output hard copies of Lhe pictures were generated by
overprinting of common characters on 8 compuler line printer,
Gradicnt pictures obtained from using different operators are
shown in Fig, 8. Edges oblained due to the operator proposed by
Rosenfeld and Thurston are least sensitive to noise but the edges
are ceriainly thicker than those obtained by other operators.
Regarding noise sensitivity, performance of the hybrid operator is
superior 1o that of the Sobel operator and inferior to that of the
Prewitt operator. Abdou and Pratt [6) have shown that the merit
of the Prewitt operator is better thar that of the Sobel operator
for vertical edges and both are comparable for diagonal edges.
However, the hybrid operator is quite insensitive to edge orients-
lion, since actual measurement of edge strength, that is g{/, f)
(equation (1)) is comp p itive 1o edge oientati

Tmprovement of the performance of the hybid operator in the
presence of spurious noise is shown in Fig. 9. i
Operations are applied 1o the g(i, j) and G(i, j), Lhe gradients
before and after modification, respectivety. Threshold valves were
chosen usiag the technique described in Section [V. Fig, 9 reveals
that the hybrid measure of the gradient is sulficiently immune (o
spurious noise.

{1 is evident that the number of compulations required for the
hybrid operator is considerably larger Lhan for the other oper-
alors. However, a coarse Lhreshold T,, reduces considerably the
number of pixels for which the weighting factor w(/, /) is 10 be
computed (see algorithm 3). Threshold 7, cap be selected most
easily from a wide range of values. Therefore the elficiency of
hybrid operator is comparable 1o the otber operators.

(2)

®

Fig o). Resulis of optimum thresholding of g0/, /) (equation {1)). (&)
Resolts of oplimusn thresbolding of G(i, /) (algorithm 3)).

VL CONCLUSION

This report describes a new edge detection scheme for naisy
pictures. The spproach is conceptually different from other such
edge detectors. Here the operations are implemenied in the
h hy:  differentiati h ding, whereas
for other edge deteclors the hierarchy is enhancemens-differend-
ation-Lhresholding. Another basic difference between the hybrid
operator aad other operators due lo Roseafeld and Thurston and
Sobel and Prewilt is the weighting factors. In the latter group of
operators weighting factors are constanl throughout the picture.
On the other band, for hybrid operstor the weighting factor
w(/, f) is space-varianl. The merit of this new operator, in terms
of some fundamenlal propertics that an idesl edge detector
should possess, is quite satisfaciory and the performance on noisy
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pictures is equally good. The scheme is nol computationally
expensive as well.
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