IEEE TRANSALUTIONS DM SYSTEMS. MAN, AND CYBERMETHTS, VOL. 24, MO, 5, MARCEH ¥4 413

On Edge and Line Linking
with Connectionist Models

Jayanta Basak, Bhabatosh Chenda, Member, (EEE, and Dwijesh Duita Majuomder

Abstract—In this paper two connectionist mwdels for mid-
Tevel vigion problems, namely, edpe and lne linking, have been
proseated, The processing elements (FE) are arcaaged in che form
of two-dimensional Laltice In both the medels. The models 1zke
the strenpths and the corcesponding dicections of the Fragmented
wdpges (or lines) as the inpul. The siste of each processing element
is updated by the activations received from the neighboring
processing elements. In ane model, each peuren interacts with fts
eipht nelghbors, while in the other model, each neurvo inleracts
over a lacper neighborhood. After convergence, the cutput of the
neurons represent the linked edge (or line) segments in the image.
The first model directly produces the inked line segments, while
the secomd model prodoces a diffesed edge cover. The linked edge
segments are foniwd by finding out the spine of the diffused edge
cover. The expecimental resylls and the prool of convergenee of
the metwork models have also been provided.

1. INTROIUETVION

DGE ANDYOR LINE DETECTION is an inevitable step

i many vision-basad aeks, and edges (or lines) shouid
be detected as acewratcly as possible. An edpe, inan intensity
image., i 3 boundary between two ajacent extersive regions
where praylevel changes abrupily. On the other hand, a line
{siraight or curved) is found in an intensity image i grayleve]
ilmg a thin sinp 15 approxemalely umlom and dislinetly
different from its neighboring regions.

In real images. it is very difficult to detect edpe or ling
ponts due o the presence of noise in a sceng. The presence
of nolsc cregtes 8 randomness in o inkcnsity (oo A great catcnol,
bfareover, the intensity in a neoral image changes over a
widc range of scale, Maro | 1] has shown that there cxists some
inherent difficulty in detecting edge point lecation exacily. The
inexactness in detecting the edpe point location is poverned by
the uncertsinty principle given as

Ardw = wid 1)
Here, Awr is the variance in the edpge filter’s apecuum in the
frequency domain, and Agx is the variance in odge location.
[n other words, it 2 is very small, e, edges are accurately
located, then A would be laree and a mumber of redundant
or nomsy edges would be detecied. On the other hand, in
order to decrease nolse, if Aw is decreased, then there would
he smoothing cffect and the edges will be dislogated. The
uncertainty principle leads to the idea of optimal filtening
where #n infensity image is frst convolvod with a Gagssian
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mask and then the cdges are delected as the zomo crossings
of the Taplacian of the convolvesl image. The linegrity of
the Laplacian wnd be convolotion operator give sisc ro the
symmetric filter, namely, Laplacian of Gaussian (LoG). Canny
[2] has shown thal the dewclion of the zem crossings in
this sevond direclional derivaive (instead of nsing symmetric
Laplacian operator) pives better rosults,

The line-detection algorithms ave also involeed and there
exist the same land of problems as in the edpe-detection
technigues, The main ey in line-dewection algorithms s
o match suitable templaes cortesponding o the desired
Iype of line segments. In litersture |3], quite a few line
detection algorithms are available. 1o an approach of lemplate
matching. as described in [4], nine different 3 w0 3 emplates
are proposcd to omeassure the likeliness o linear foamnes
like edges and lires. Semilinear and nonlincar operators [5],
LB] were designed incorporsting varous eonstrzinks. To these
approaches, maximum of the respemses due w0 these emplaoes
iz considercd ax index of existence of e ling points. The
responses are later thresholded o separate out the froe line
points from the non-line ones,

In vigion problems, continwous edges and lines are almost al-
ways desired. Some portions of the edee or line segments may
b losl due o presence of noise, shadowing and ditferent other
reasons, Moreover, thresholding the output in line-detesction
algoritheos results In discontinuitics and thickening of the lines.
Disconnected line or edge scpments may be connected 1o
procuce comineows lines ot edaes. Tough vansform may be
used L Kink various line or edge sepments, where the imagze
space is transformed inte parameter space [T1-9]. However,
use of Hough mansform i1z Fmiled by the fact that it does
not vield any informytion shout the exienc of the line segment
being considered, Secondly selectiom of threshold wsed in these
technigques 15 alse a nontrivial task and completely depends on
the naowe of the soene.

The problem of separating out the line vr edge pisels fom
the neisy pixels may be solved on the hasis of neighborhood
information, T cun possihly be assumed that a perfeet line
or edge would be continuous, whereas the noisy pisels de
not follow any such continuily. Therefore, based on the
information derived from fthe neighboes the possibility of a
poin heing an oedee or ling point can be determined {in
crder Lo saeisly the continuity constraingy, This gives tise o
the popular idea of “edge following™ ur “contour racking.”™
Ballard and Brown [10] have developed @ sequential algoritim
for cdge following, A varstion of thas concept has been used in
developing the relaaation methoeds e fine andfor edze linking

(LI [12],



114 ’ LEEE TEANSACTIINSG O SYSTEMS, MAaM. ANID CYEERNEIICS, YOHL. 24, W0, 3, MARCH 1994

In a different approach [13], a Hine segment of predefined
length is predicted to exist at some particular location de-
pending on the response to the operator, The predicton is
then venficd agsinst statistical wsis performed oo that line,
Symbolic processing of closenass and erientation of small line
segments are alsn wsed to detect long continuous line [14].
There is unother appesling approsch [15], [16], whens a cover
over the broken edge sepments was formed and broken lines
and edzes are linked by the cdge induction.

The problem of line or edpe linking may be sobved using
wreural networks or copnectionist architectures [17], [18]-[21].
which are oflien considensd to he suituble Tor low-level in-
formation processing tasks. A wumber of applicadons of
connoctionist models in image poocessing and early  visual
tasks have heen performed so far. In most of te applications,
the problens have heen mapped onto any one of the several
standard metwork models like Hopficld model [227, [23],
Evhonen madel [24], v multilayered percepuon [25], In
many cases the problems have been posed as an optimizaticn
problem and solved by wsing the Hopfield model [26]. Chua
and Yang [27] have proposed a cellular neoral network model
and solved several image processing tasks on il

In the prescnt investigation two network models are pre-
sented wo 2olve the problem of line and edge linking, The first
arte 15 slracrally similar o the cellular nerwork models |27,
although the processing elements, used here, are functionally
more versatile than that used in the cellular network models.
The paper is organized as follows,

In Section I0, the concept and owverall methodology for
hinking the line andior edge segments 15 presented. The first
network model for line linking is presented in Section 01,
which includes the line-detection algorichm, the network archi-
tecture, and mathematical treatment for the network conver-
genee., Section TV presents the concepr of edge diffusion, the
architecture of the second nomwork model, amd the comespond-
mg analybical treatment of convergence. Section 'V comes up
with the experimental results of line and edge linking for a
number of svotbetic and real lile images, Section W1 discosses
aver the present investigation.

11 OvERALL MUTHODOLOGY

An edpe, s described in Section 1, has 2 step- or ramp-like
intensity profile. This suggests the simplest and mwst popular
edpe-detection technigue: detection of local maxima of the first
spatial derivative (gradicnt} of the intensity values. Similarly,
the description of a line indicatas that it has a spike- or roof
like intensity profile. ic., a step-like gradient pruolile with or
without overshogl and undarshoort. Consequently, the bright
fine can be detected as the local maxina of the negative of
second directional derivacive of the ntensicy values. In discrete
domain, m]er sixtocn different types of line scgments (Fig, 13
can appear. For cach kind of line segment g particular rype
of wmplae s designed. When the input imape is convalved
with the template, the magnitude of the secomd directional
derivative, ie., the strength of the line, 15 procduced, and the
tzroplate type indicates the direction of the line. In linking the
el and line sepments the infermution in the medghberhood of
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bag. 1. Drigital line scements used in lioe detectiom.

cach pixel must be processed, The neighboring edge segments,
which are aligned, 1.e., whose edge directions are very close,
ghould reinforce esch other. If two nearhy edge or line
segments belong to the same continuous curve and there exisis
gome gap (or discontinuity which may be created due b nuise)
between the scpments then the reinforcement process would
help in rebuilding the gap or the pordon of the curve ost.
in most of the classical alzorithms, in general, a sel of edpe
{or linc} segments which are belicved o belong o the same
curve arc linked fo form the continuoss ine or edge. In these
cases finding out the subset of edge {or ling) segmenis which
do belong w the swme curve iz the basie problem. On the
other hand. if the process of reinforcement is comsideced,
then edge (or lime) scpments mav be deratively linked with
the neighborhood scpments without sny pror selection of
appropriate subset. In the present approsch of edge or line
linking two asswnpions are made, which are as follows:

13 Trug edge and ling points inm 2 scene lollow some
conpinuily pattern, wheress the neisy pixels do not
follenw any such continuity,

2} The strengths of the frue edge or line pixels are greater
than those of the noisy pizels.

Althongh the strenpth of some noisy pisely may be more
than that of truc edge or line pixels. the above assumpion
holds in most of the cases with moderate signal-to-noise ratio.
The “strength™ of an edge or line will be defined in due course.

In the process of reinforeement, an edge (or ling) segment
shoald reinforee the neighborhood sepments depending on its
direction, Suppose, image conlaing an edge segment A,
where I* is the center pixel (Fig. 5). In that casc maximum
veinforcemient should occur along the cxtensions of FA and
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FEB. On the other hand, minimum (vr zemo} menforeement
shild oceur in the perpendicular direcdon of P4 and FPB.
Secomdly, the edpe sepment AFPD will be rcinforced mostly
by the seaments close to the extensions of °4 and PR3
having similar directions, Thirdly, if two neighboring edge
segments reinforee each other, then the odge strengths of
the tue cdze pixels {which are recursively reinlorced) will
increase, amd poisy cdge pixels will retain their strenpths. In
order Lo stabilize the strength of the tme edge (or Tine) pixels,
and o remove noisy edge (or line) pixels, each pixel should
inhikit its own edge (or line) sirength,

In the implementation of the connectionist models for edpe
(or line} linkimg, each model is considered to consist of m =«
neurons {or processing element, or PE) if the image contains
% 1 pixels, The newrons are spatially arranged in a two-
dimensinnal Tamice in soch a way thal cach neunon comresponds
o o separste pixel. Each nenrom 15 connecled o surrounding
neurens aver & neighborhood, and cach one has 4 negative self-
feedback. The seli-leedback helps in removing the noise in
the scene during the process of iterative edge {or line) linking.
The edpe {or line} information n the imags 15 eximelsd by
standard edge (or [ine) detection operator. The edae strenpth
and the information Tor edge (or line) direction ot cach pixel
are fed to the ¢omesponding neuron. This signities that the
input t the connectionist model consists of the cdge {or line)
informaticn in the imapge betore linking. The outpuor of each
nenon represents the edee (or ling) strength at that particular
Tocativen. In other words, the aulpu, of the connectionist model
reprezcnts the edpe {or linc} map of the image after linking
Lhie segmenis.

Initially, the states of the neurons are clamped by the inpul
(ihe celge (or lingd strengths and che divections) from the
praylevel image. The state of the neuromg are then updated
with the neighborhood informatien. In the peocess of updation,
the extemal inpoe (e, (he inpot from the image) does pot
affcet the siates of the processing elements any more. The
edee sirengtha and the directions exirmeet from the greyvlevel
image are used only to clamp the smte of the neurons at the
very imitial stage, Durng updation, the patare of the outpat of
a neurith will depend on the cumulative suppor received [rom
the neighborheod. Therefore, how the neighborhood nenrons
are comnected will play a key male in the linking process,

UL EGHT-MEISHBORHOOD CONNECTION

A Line Detection Operator

Ay slated belore, line strength ar any pixel can be computed
by matching the templates represanting the negative of second
dircetional denivative operarer. The strength and corresponding
type are considered only when some conditions are satisfied.
For example, for the first line segment () in Fig. 1, let

dy=Se Loyl © Sl fle b bg)— fla—1y- 1)
- fley—1)— fle+1Ly—1)

and

y = flz = boy) + flmyb + flz+ 1.9) - fiz -1y +1)
= flz.y+1) = flz+ Lyt 1)

4if

where fx, ) is the grayvalue of the pixcl [z, ). In this case,
[y + o2} /2 is taken as the line sirength commespomding w (he
femplare type . if

1
E[if'.- + da) = eledy — iz

where ¢ is 4 constanl This condition avoids detecting any
overshoot at cdge of an extended regton s line segment.
Line strengths cormpsponding, to all (he sixieen emplaies are
computed. Instead of considering only the maximum strength
and the corresponding iype (of line segment), sirengihs and
types of ri-best matches ave considered, This is performed with
the expectation that tme line segment may be 3 member of the
set of r-best matches, and that sepment would get support from
the neighborhood and would preserve confipuity, In the second
stage, whers line spgments ate linked (instead of declaring line
and non-line pixcls in a single step), responscs are updated
(with the help of 8 connectionizst model} depending on the
support they receive from the neighborhood. In the present
work, € is chosen 2s unity,

A, Nemvork Made!

Each neuron in this model is connected (W its eighl neighbors
26 thown in Fig. 2, The stroclure has similarity to that of
cellulas model |27). Each processing clement in this connoc-
tionist mode] has some special functions apart, From that in te
conventional neoral petwork models. In conventional meural
network models [LT], (18], [271], 1227, (23], each neuron takes a
nnher of inpats in the forn of numerical values and produce
a single output. In the present model, cach nevren (Fig, 3) has
a number of independent state elements which are updated by
the signals from neighboring nenrons depending on the type
ol the signals. A part of he output of gach neuron represents
the activation level and the other represents the type of the
output, Similarly, the input w4 newron has gwo pars, one of
thenm is the numerical value, representing the activaton level,
and the other represents the type of activation, Mote that the
type of acuivation {for input and output) actaally depends on
the template type matched at that location, Mathematically the
output of a neurcn can be whtlen as

i o
v = ey, 47

where w; is the outout of processing clement §,1 s (he
neumericsl purt and 777 i the type. The state vector of an
element can be written as

e — I_l:uih 1.:.ll:l- |:t|51~ T;E:'- Tt r{ﬂih:ﬂu:']

where wgp, win, -, g, are the nomemcal values of states of
proceszing clement ¢ and T3, Tiz, -- - , ¥in are the correspond-
ing types. The transter function maps the state vector to the
output. Mathematically.

i = _;I'|__ng;,¢ﬂ£x:“['i‘hk ),
when g = wp¥h, 1<k <

el

The transfer funcden gi.) van be chosen as a ramp fanction
or a sigrmoid function.

rr:!l = Tlif
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TABLE 1
Ivreraenon Tasee (M)
1 2 E| 4 A [ x R g [11] 11 12 13 14 1% Lf
1 1.7 7 T 1 1
2 35 5 3 3 5
k! ] 2 h & 2 1 £ 2 G
4 [ i} [ 8 Q K ] n &
¥ 1 b L,a 1 & & f
il 1 L3 1 I, B -1
T T 2 27 7 a 2 &
& I il T i, 7 n n i}
[ i 2 e 1,3 3 b 2
10 3 f 55 f G
11 5 iU 0 5 i, 5 i} i}
12 3 3 3 314 8 -]
13 G I'.I 1] f G o 0, & G
14 2 & 2 & P & 28 2 ]
15 fi b3 t % fi E b f fi i
16 2 0 2 0 2 I 2 1] 1, 2
L L Lo r‘}d whether or noe the neuron { would receive activadon from the

w®

AT

AT

Fig. 2. Comnections among the processing elemants a0 a cellelar connec-
tionist madel. ’
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Fip. 3. Schematic disgram of 8 processing clement (FE) o line linking.

The states of each processing element s updated as

r‘::_;"f = E i D:}?,J. i3
JEND

where w;; i5 the weight of the link frofm tedron § 0 neuron

& It is assumed that all interconnections in the network are

symmelric, ie., wg; = mwyi. The S-neighborhood af the neuron

i is represented as N(i). DQ’J— is either 1 or 0 which derermines

ncuron 7 or oot Mathematically,
DY = N7y ). 4

The neighborhood function (A7) s presented in Table L

In Table L. let Mrng,omiz) = & If PE { and § are such
that their positioms are givem as (o y) and {x + [&/3] -
L #r-+ [&/3] — 1) respectively, then the neighborhood functicn
Aulma1sTene) = 1 and zero otherwise. A Blank entry in the
tble indicales A = 0 Tor all i .

The neighborbood function can alse be described in the
following way, There can be sixteen different (ypes which can
be presented as an ordered pair (4,5, Let the types at ith
and jth newrons be defined as

T = (2, nl)
Tie = [mae1. ikz)
The form is defined by considenng each line segment in Fig.
L as a collection of two segments joined at the center pixel.

The valucs in Table I shows the positions and values of o
and 7 excepd the cenler ponnl. For example, the template tvpe
7 can be represented as v = (—3,3) or {3, —3). Similarly,
Ty can be represented as ;= (—1,71) or {1, —1). Tl is 1 be
noled thal any template (g, z] 18 same as {9.051). Let the
positions of the processing elements 2 and j be (4] and
(7 u;) respectively in the laftice siructure of the neowork,
[etl a varialle n be defined as

= lay — ) + M — -

In that case, if § is in the ¥-neighborhood of ¢ then w will luke
the same sct of values as shown in Tahle I The ocutput type
of PE 7 will affect the type of kth state element of PE 2 when
either af the following cendidons hold:

a)n =L A (N5 = Tt V Iy = —7ika)
Bin = & (51 = —Thea ¥ Ty = —Thkz)

For cxample, let the &th state element of PR 7 be 75 o (2, —3].
T that case, according (o condition a}. PE § should be placed
in such a way that 7 = 2; e, FE 7 should be placed at the
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TARLE 11
BrLarivr Posimioss oF THE PROCESSIMG BLUMENTS 170 e SETWORE
APy > T 1
i -1 -5 -2
5 1 i} 1
i1 x 3 4

loweer left comer of PR A, amd 47 should be (=2, ). Similarly,
accoeding o conditton b, PE should be placed in such g way
that w4 = -3 e, PE y should be just above PE i and ]_‘1‘-'
should be {3 <3, If cither condition a) or condition b) 1%
sarisfied. then only PE j will affect the kth state element of
PEE 7, Mathematically, it can he writlen as

NI L) = a1 = (li—mier "+ 1i050 1 e oz}
Al = mie| + |05y + e infs +ona2d|) 0} (9)

The wpdation mule described in (30 bas been devived an the
hixis of continuity of the line {or edge) points, The image, after
computing the response to line (or cdgel detection speraion at
cach point, is mapped anlo the amay of processors such that
Uee oulpet of each pevron represents the strength of the tine {or
cdpe) ar that point. Tleally, afler convergenee of the network.
the cutput of g neuron corresponding to o line (or edpe) rant
should be umity and rzere otheradse, On a contiowows line
there showld be e line (or edae) points on the opposite
gides of a point (except for the cnd points). Therelfore, [he
nourong corraspanding wre & ling (or codges poimt will receive
activations from two acighboring neurens. On the other band,
e noisy pikels inoan image do oot follow: any conlinoous
allemm, A8 a resuft, the newroms comesponding to the noisy
plaels alo nol meccive proper supperl from the neighbaors,
and consequantly their activetion levels remain enchanged.
Therefore, the resultant cffect is an enbancement of e Tine
ror edgel pixels without any reduction of neise. To redoce
the elfeet of nedse. cach newron has a sepaive sell-feedback.
Usually, for a pixel on » continusus line, the activations
received by the corresponding newron from the neighhorboad
i# greater than the negative feedback, The updation rule with
negative feedback can e wrilkeny as

= Z Wi -’}?_1'?-:.1'

AR

it
it

ia)

T

where sy, §s the strength of the self-fesdlback which is sume
fior all neuronts i lhe netaork,

. Convergence of e Network

To prove the comverpence gnd stability of the network, it
in suffeient o show that both the ouipul iype amd the outpul
value converges and remain stable. Firstly, ot us prove the
stability of the output types.

Frogf: Suppose, for any two nejghboring neuroms § and
_'f. it 'J';;" =y .-F-I'.L' and "..r;? — ‘II_I. then

(B - )
D _1s D -1

‘Fhis indicates that i the reuron £ supports the output ops of
Aeuron i, then neuron § must support the output oype of neamin
i (this is also evident fvom the structure of the templates),

417

For sake of simphicitr, lot us consider n = 2. Therefore, for
PE 1. the state vector cun be written a8 [y, T30 0, (we, 2]
Lot the owput be [w, T¥). Suppose initially the aetivaton
of the neuron s such that T7 = Tiotde. wy = wgp and
;= glugr). 1o the process of updation, T will change o
Tip only if 1a becomes greater than wgy. This will happen
only when the state clement {2z, Tiah gets more support dgh
the statc eleinent [ig, 5 ) from the neighborhood processing
glements. 1 T2 = T, the processing elements supprling
the state element (v, 75 ), waould reveive suppurt from the
processing element 4, On the other hand, fhe peurons (hat
support the stace elemeant (nz, Tz ), woulld not reeeive support
from the newron ¢, In such a simacion if 25 changes to Tz, then
processing elerments of the second category would receive even
mor: support, and therefore, the supporl 1o (e, Tie) would
ingrease {urher. This cnsurcs that w,e increases recursively
over i;1 and T remuins the same gy s, Therefore there can
be at most one interchange between the fist and the second
state elements. For o = 2, the same condition holds moe and
there can be at most v - | changes in the outpul tvpes, Finally,
oulput ypes of all processing clements will stabilize depending
on the reighborbood alurmation. O

Tt can e shown that ueder the updation mile given by (6,
the output valuc of the nerwork slamlizes.

FProviyf; Tl us consider the enerpy function of the network

oy be
H0 =3 F T wDan+ 3 vl 0

1 e

where the wom [, is given as

ulherwise.,

L

Frem (6} it is clear that the vpdation of the outpat activation
can be writen as

du; -
= 2 Wiy '”:IJ"E"_l' AR

ik (8)

JENE
where ii; represents the staie valee of the mosty aetivated siute
element of processing element 4; Le | w; = g~ {2}, Hapation
(8 1% orue becawse i some newron § does not update the mostly
activated state element of newron <, then the change in oulpul
of newron § due to 7 will be zero.

Frem (7). it is clear that the energy fenclion s houndsd
wr sme Gpite network structuce. Moreover between Ewo
neighboring neeons,

W i
Y= T

Top 4= L?_L = 1, wheretivsuch thet ¥ = 79
In other words,
.l".‘.i-j - '”Ji' 3]

Muoereover, in the design of the network, gy waos selected
be symmetric, i, w;, = w,;. Therefore, from (7,

2: S ang Digrsg = wgvs (*f::) 1w

fl FENT)

£ _
df
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Substituting the valve du, /dt from (&), (10) becomes
=17 '-'rI"'-':l
--xow(g)

where ¢~ is the first derivanve of the inverse of g(.), which
i an ingreasiog function. Therefore y_lr is positive, and
evidently, (duw; /dt)? is always nonnegative. Therefore,

dE

—— =0

dt —
Bince F{t) is hounded, dF/dl — 0 as & — 0 and therefore
dwfat — Oas t — O for all & As a resulr, the output values
of all processing elemenls converge, (|

{11

'y

W=

0. Modified Updation

In the network, the uiput of a state element of a neuron
changes if it gets support from even one of its neighboring
PEs according to (6). In & continmons ling, 4 line point {except
the end points} would get support from two of its neighbors,
depending on the direction of the line at that point, Agwin,
for . ooisy paxels the change of getng suppon from both the
ncighbors simultancowsly is mwch less than that from one
neightwe. Therefore, to redoce the noise Tevel in the outpot,
the state veoctor of cach processing clemcnt is wpdated if it
gets support from both the neighbors simultaneously. On the
other hand, this process degrades the continuity of the line to
SOME cxtenl.

The modified mle of updation of the state vector of each
FE can be written as

i TN E: z I T~ gy

i REN[]

(12

where the weights of interconpections in the network are
considered to be uniform and equal to w. DY, = DI A DY
e, the state element {wy,,Ti) is updated only if i gets
suppurt. from both the PRs 4 atd & in its neighborhood. In the
process of updation, the output type is the type of the mostly
activated state element, Tt can be shuwn as before (Section
III-B) that the cutput type of any processing element in the
network always converges; Lo, ype of cach PE can change al
most n— 1 times, where n s the pumber of site elements. The
catpul valne of each PE in the network can also be shown to
converge as follows.
Let there exists some energy function B0 such that

s LI R L
I = Z ( ) ) (13
18,
¢
Ei) = - —Iﬂgﬂ?r (143
’ n 47

where 7 is 2 dummy variable. TF it cun e shown that F{() s
bounded for any value of ¢ then the nerwark can be claimed
to converge. This is troe because (137 makes it clear that

dlF

I =0, v

Therefore, dFfdt — 0 as £ — oo if and only if E(t) is
boanded.
FProof: It is evident that
1
VTR = Sl + .
Again,
T = D5 0 DR
Therefore,
1
D:"?.kvrtrjirk - E[ﬂ} 'y ch- Lj;j [15}
The updation role {12} can b writlen as
d:'!l!s.f-' ‘.. }_. IJ' 'L' - g “.ﬁ}
JEN[L)
Let us assume
(Ei.'i‘.m) =N Z — 17

FEND

dityy, dugy,
b ey i ) o
ft — ( dt Sy
As g result, if {uwg,, Ti) is the statc clement such that v =
gl{up) then it can be said that

In wther wornds,

{f:l.'{ (d'ﬂl‘ 5
—g|—=]., ¥ 18
dt =\ )., ’ 05
Again, for all ,0 < < 1. Therefore we have
e 5 4T e
Let
(“f“'P) =wd ¥ Do -wu. (19
= fik i VR a i
i RENE
In that casc,
datip gy
ez
( di )2 ( e
As a consequence we have
g i
=F - Wi, 200
(rﬂ,)zi(iﬂ)1 f e
Theretore, from (18 and (20,
Sy v n;
— ] < <|—=1 - 21
(d*)g_('ﬂ«']_(drl &

Let us consider two energy tunctions, £y and By given as

E; ———wz L Doy 4= - Z-wt.

i JE,\’(t

(22)

and

(23]

Ty = --12—: gz Z D:kat'v_f'lrl + gz:i"-r:"'g

i ReEN(E)
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In these equations L); has the same meaning as before,
Dige = L, DV, = 1,04, = 1and Dy, = 1 where
w o= il = glug,) and vy — glug ) From (223 and
[23), it 15 clear that

dE; _ O A s

at - E, [ _.( dt )] (24)
nnd

o o (dt.u-“ *

pt E R Rk

df - g L) i J_; k5]

Therefore, feom (1R}, (200, £24), and (25) it is ovident that at
any statc of the network,
dFydl dby
= — T —
7 R A U s
Again, the encrgy functions B and F- are bounded (from (22

und (23)), Therelore, the cnengy functiom #{£) is also bounded
|28). O

(26

1Y, LARGER NEIGEHCTRHO

In the present secliom, neighhorhood siee 9 considencd 1o
be larger than the %-neighborbood considersd so far. It a
larger neighbowhood 15 used, i 15 difficull o detenmine which
neighboring pixels should reinforce each ather depending only
on the template types, Therefare, instegd of usina the tcmplate
rypes, the edge {or line) directions yre swomed here exphcily,
The inpur to the network consists of two parts, in this case
also, (o represent. both the edge streneth and the direction,

A, Strategy for Fage Detection

In the present appeoach. every point has an edge vector
whise dhirection s the direction of the inlensity chanpge (from
lower to higher intensity), and the magnitude is the absolute
value af the Arst dervative. Note that the direction 15 normal
tr the edpe {or line). The concepl is that sach edpe vector
induces edpe points over a neighborhood. In the present model
the neighborhood is selected as cireular, The induction of edge
points is maxinum along the edge {or ling), Le., normal to the
cdme dirgetion. The process of induction by an cdge point iz
discusaed helow.

Consider any edge point P (Fig. 45 with the ed2e voctor
€ = {r.ex), where ¢ 35 the magnilude and o is the direction of
the vector. ¥ 18 the circular neighborhood of 12 (of radius
ftpd over which 17 induces edge poins. Tnoa reclangular
coordinate system. the edze vector can be written as [e., e, 0,
where ey and ey are the components along - and guees
respectively: Le., oy = eood o and oy = csio . From Lhe
conlinuity prinviple (asswmplion § in Scction WY, edge points
are expecles] o appear along a line 404 which is perpendiculur
to the edge direction. Thercfore, #~ should wy to induce edge
veclors al every point oo A7, I it is asyumed thal inoa real
scene the edges are separatad by an pmounl grealer than f2p
then there should be ne edpe peint aloag the direction of cdge
veclor, Tn ather words, 1 stwould not aMect any poant oe £S5
It the effect of P is considerad to be smoothly distributed over
ity neighharhood then 31 can be stated thae the effect of 7o

419

Fiz. 4. Edge induction on a circular oeightochond;, AL ix pepenilicular
0k e s the uctuad edlge sireneib, e i e indoced edge vector

the points on PO increases as §F approsches B and dectegses
ws it approwches O I P jnduces an edpe af any point on
Fi2, then it is reasonable oo assume thar the ditection of the
induced edge veetor is perpendicular to P}, Let the effect of
P on yny point 1 in Np be o« = {&', '), where & and ¢ arc
the magnitude and direction of the indvced vector, Then

o {m =

- = 1
b - =2

ifex = g

=
othorwise il

where @ 15 Lbe engle subtended by the line PP with #-axiy,
The induced cdge strength is given as

& = roos 0, whene # = e - o]

The induced cdge vector € can alse be writlen as (o7, &) in 2-
D rectangular coondinate system. It can be proved (Appendix
1) that

g = egsind ¢ — ey rin goos @

o =¥y cor” o — e, 80 Gros g (28]

In the process of edee-point induction. spreading of edges
will ceour due to presence of any edge paint 1f there exists
some broken edge (or ling) sepments, and the length of the
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B

Fig. 3. Edge induction a1 o point P due to edpe segment AD, T s
nonndl to AR The sdge sirenglh al every peint on AT iy comsidersd to be
cqual 1o e

missing sepment is less than or equal to the dismeter of the
region of induction, then the broken segments are linked by
induced edges. The noisy edges alse spread their activity and
create regions of diffused edpes. In onder 1o decresse the effect
of nense, ach cdge point should inhibit its own strength, just
like the feedback in the previous algorithm (Section IM). [n
the process of reinforcement of edge strengths by edge-painl,
induction, 4 ddee of cdge responses forms along a oue edge
{or line), where maximum tesponse oceurs at the ue edge
points,

Sinee each edpe puint on an edge segment spreads its
activity over a neighborbood, the notmal distance of the
induced edge point s less than or cgual to the radins of
the neighberhood of aceivity. Lot 2 be a paint near an edge
segment AH, such that P4 = PO = L, where L is the
maximon distance from which a poinl on A8 can induce P
(Fig. 5). It can be shown (Appendix 1) that the induced edpe
strength ¢ at point 7 is

[ *mi‘l{L,ffJ::]

e = 2el, -
/D)

(29
In the above expression it is asswmed that all points on AT
have their edge vectors in the same direction and have same
magnitudes equal 1o e, Sinee FE =124 17 the expression
for ¢ can be written as

\ RO T
e =3e/ B2 D2 [l - i G l:“]. 301

VIRIDPE -1

It is clear from the above expression that " = {) when 12 = f,
and 15 maximum (" = 2eR) when I = (0. The valoe of &'
at a point decreases as the point tioves fadther from the true
edge segment. Theretore, the maximum values oecur ol the
true edge points with & grudual decrease in edge strengths on

PE;
1_41\_._. S

™y )1

WPUT Weur

Fig. 6. Ineropnrections haoesen pwo procesing elemests & oand § oin the

network, Bach processing elespent hag thiee active elensents.

either sides of the edge. If lateral nonmaximum suppression
15 performed, then the actugl edge points gun be ound oul,
The algorithm is implementable on a network model which is
discussed below,

B Network Model

The network moddel s composed of processing elements
arranged 10 & two-dimensional ladice similar to the model
wsedd in the previous method (Section [, Here each PE
is connected over a large neiphborhood unlike the eipht-
neighborhiaodd in the previous model, The model is designed
1 have a massively paralle] implementation of the algorithm
described before. ‘The interconnection between any two pro-
cossing elements is ghown in Fig, 6, Each nearon has swo
ditferent intermediate outputs. Cugputs ;) and wwga represent
the cdge responscs glong the ¢ and # directions (i.c., €, and
ey ) respectively al (he Tocation cormesponding Lo processing
elemicnt 4, The weights of the intercomnections depend on
the spatial distribution of the processing elements which is
governed by (31). For any two PBEs 1 and j, if ¢ € NV, then
the weights of the links from 7 (0 can be mathematizally
written as

w?.';: = Ei:-lTl2 |,f.|='j

LF 4 ]
wi? =woos? gy
ﬂll.lf = — WS i cos oy
wi = — wain dy;cos dyy. 31)

Here, ¢y 15 the angle sublended with the w-axis by the
imaginary line joining PE § to PE { {in the lattice structurs),
wi; represents the weight of the link from PE jto FE i The
distribution of weights is shown in Fig. 7. Each processing
glement © hog negahive sell-fealback \'J.":'l-' anid mjzf as zhown
mn Fig. &

At any instant of time t, say, let £(#} be the mdivs of
the citeular peighborhood A;08), TL s evidenl that if 1 is in
the neighborhood of § (ie, the distance between ¢ and § is
less than the radivs of neighborhood of acdvity) then 7 is in
the ngighborhood of © (singe the neiphborhood is circolar). In
other words, the weights connecting the processing clements
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[+)ve (+)ve
+Hve {+lve
1l {+]ve {-]ve
@i iy bij
{-}ve i+ ve (+)ve +ve
(+Ive (+]ve
L ‘b ]
Fig. 7. Dstributicn of scights of the inlancanneciion links in pelac coomdingtes. The cadivs vectos domdes the abselote vahee of

the weight. [ap Thssibution e wt? (o Dhistribation o acf2 . ic) Distribation of 52,
i k F

dre symmetric, For all processing elaments the amoumt of self-
feadback ane same. In the present archiszcmre, the amount of
self-fecdback is proportional b the rabivs of the neighborheod
ol activily, 1e,

! = — w0 R
wi = — w0 (32

wherns 22, 15 a constant and K s the radius of the neighborhosl
al any instant of [me.
The outpmt of any processing element § is given as

= v v (13

wherg iy amd wpn ome inlermediae oumpuls of the processing
clement + which are given as

T — gl )
anel

Ty = gl

i and wege are the inglanlancous impuls o the processing
element § as shown in Fig. & The fransfer funclion gi.) s
u semmilinear nondecreasing functon. I can be chosen as a
sigmoid function. In the present case the functional form of
i) s

0 ifx —1

giel=¢cm il =gl i3
I otherwise,
The dynamics of the aetwork can be wllen as
du 1 BT 1
—_ = ol Sy — 4 3 k]
= A Wi } L Wil =ty ey, ta (33
i JiEN, FieN
and
iz a1 o) 22
T Z T+ Z Wi tge - inp o (3]

TR, JET M,

The size of the neighborhood of each processing element
decreases with time, As The radios of ozighbortood reduces
to gery, the process of updation of the states of processing cl-
emenls stops. Muthomatically, for any 1ime instances £, £, &,
such that &) <0 {o « g, the radii of neighborhoods Tollow

H[M:I = Hl:llg = H[!_“:I
amal
lim Hi#} =,
o

Since the self-feedback 1 proportiona] o the radins of the
neighborhood. the self-feedback also reduces to zero as the
ragins decreuses o gern, i, the neighborhipod region shrinks
to o point. When the radivs becomes zero, there exises no
activalion from the neighborhood, und the self-feedback also
reduces 1o ero. I the network converges for a neighborhood
of fixcd radivs, then evidently the notwork must converze for
sheinkiong naighhorhond. The prool of convegence tfor fixed
radivs of neighbarhood is as follows.

Froafs Tel £y amd £ be iwo energy Tunclicns given ax

| =R ]?- Z_:Z?":‘I—?‘I WL j E ZTJ.'é}??5111.'52
e
4 £ 5 2{_{11:5, 1y

E; = - ;— Z Z Wity — %Z ztufj"ugt{,g
i T

g Uleidg (37)

o
TN LI 1 2 .
- '/; a Vige q Em#f-’}',. 138)
The energy fenclion of the syatem s given as
Eliy = Fie) 4 1t {34
Therctora,
b= GO ¥ P O
— = 4
ot elt it! b
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Using the firgt derivatives of ) and Eo (in (37) and (38)),
the expression for dF /4t can be written as

- -TD () -T D)
Eu($)
Feta(5) Tol(2)
Teta(%)
TE () ()
AT () i (22)

Since the weights are symmetric, (31) can be written as

@

(42}

] (1)

| . F
-—E [E u'fjﬂjl +,‘: U Yy — Wig +iui-2v{2
i b i

From (33) and (36},

1 gy _1 tfergn £
—=—Z§ {vi1) ( ) ZE (w2 (I) .
; (43
Since gi.} ix a semilinesr incressing function, g_ll{."] i -
idve. Therefore, it is evident that #F /dt < O for all ¢ > 0.
Since Fit) 16 bounded (from eq. (39))

dE
T + (] B3t — 0.

Clonsequently, duy fdi and dugs fdt approaches zero as t poes

to infinity, and the system converges. (]

As the rading of the neighborhood of activity of each pro-
cessing clement decreases, the cnergy of the system changes.
At any point of time the change of energy is fAmiz, and as
a result, the rale of energy change reduces to zero as the
neighborhood shrinks to a point. The output of the network
depends on fhe rae at which the radivs of the peighborbood
decreases. If the radius decreases too fast, then the troc cdge
poimts ay net get sufficient time to e hinked properly. On
the other hand, if radivs is decreased too slowly, then flat bars
of edge tesponses along the true edge points is formed. Let the
rading of neighborhood of any processing element is decreased
linearly at a mite -y; ie., df/dt = —v. In thal casc, to prevent
the saturation of the edge strength near a troe edge point, it is
vequited that (from Appendix 1T}

+ = eB{0).

In this exprassion, ¢ is the edge strength at any point on a
true edpe, and R{0) is the initial radins of the ncighborhood.

For any image, v is consigered as AwHZ(0), where X iz a
conseant, Considering the inhibitory effcct of sclf-feedback amd
excitatory effect from the indueed edge points, the lower and
uppet bounds for - can be fixed. In real images considering
average edge responses, the value of A 15 selected as (L6,

V. SDMULATION AKD BESULTS

The lines and edges have been detected from graylevel
images, and consequently linked by the proposed network
models. In the first set of experiments, the results are ehiained
with B-ncighborhood wsing the model of the first kind, In
another set of experiments, edge induction method is applied
and the results are abtained with the network of the second
kind. In both cases the simulation consists of two parts. In
the first stage, the line or sdpe points” strengths and directions
g compuied &l every pixel of the graylevel images. This is
performed either by matching sixteen 1emplates a5 mentioned
before or using some sulable edpe operator. In the second
stage of experiment, the line of edge information are fed to
the network models, and the skates of the newrens ate updated
o get the linked lne or edge segmenis at the outpui.

A, Resulrs from Mode! [

The possible line pixels arc found by matching all the
templates comesponding to sixteen different line segments
dercribed in Section 1H-A. At each pixcl only the maxi-
mum and the second matimun responses are considered for
subsequent, processing, These two response values and the
coresponding types (of the templates) for each pixel are fed
to the comesponding neurom. Singe only two responsze valucs
are fed, it is assumed that the state vecror of each processing
clement consists of two state elemenis, ie, n = 2. It is
ahserved that the third maximum responses for most of the
pizels in an image arc much less then the first and second
omes, Therefore, i the nomber of state elennents are considered
to be three or more, then there would be negligible change in
the output of the network.

The nerwork was simulated for different interconnection
weights apd differemt amounts of self-feedback. It is observed
that the time of convergence of the network would increase
if the weights are chosen to be very small, On the other
hand, there would be unwanted oscillation in the output if the
weights are too lage. The weights are fined experimentally.
The amount of sell-feedback is selected to be less than the
strength of the interconnections in order (o ensure that the
ontput of the neurons corresponding 10 genuine line (or edge)
pixels do ool redoce to zero. In the present investigation,
the weights of interconnection are selected to be 100 and
the amount of self-feedback is chosen as 50, The ratio of
self-fecdback and the interconnection weight may be typically
chosen as 0.5, although it depends on the particular image.

Tn the first type of updation (6) it is found that the effect of
noise is greater than that in the second type of updadon (12},
On the other band, in second tvpe of updation, discontinuities
4l some points are not reselved., Therefore, to have both
the cffects of linking and noise reduction, two methods are
interleaved. Tt is to be noted that different ratios of inlesixing
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Fig. %, (i) Satellite imapge showing s par of oo aicport ;125 % 1387, (b) Lines
cetectenl using the interlepved tidive s 5 g — 1 5, i) Lines detected using the
inberheavexd Talic s :ge— 1 0 20, Hers, s s the pumber of ilemions using Lhe
wirdatin ule in () amd p o the mumber ol ijesHons weing the updation nile
i {E 20 Trazameten s aee selected ws oo = 100, we, = 3, el Himee sep = 0,005,

the upulaion tubes tesults in cutputs of different guality, The
resules have been presented in g, 8§ wnd Fig, 9.

Tn Fig, Blap, o portion of an airpore in a satcllitc image 12
presented. The bright lines are detected in the image using the
line detecting templates as mentioned before. The lines have
been linked with different inwerlegwved tale, and the resulls are
preseneed in Figo 8(b) {d). The munway in satellice image has
been defected,

Imiape of a girl is presened in Tig, 90a). The pradient
rosponse of the image was found vsing Sobel operator, The
edyey are wrealed ag lines in the pradient image and ame detected
using the line deteciing lermplates. The fines were then linked
anc the result is presented in Fig, Sby od).

It is clear [rem the mesulls thal e oa rabde of 105 (Fia.
(b of the updation mles (6) and (12 the linking of the
line segments is better, but ar the same Gme quite a few
redundant line scpments appear, For a ratio of 1:20 (Fg, &(d),
the ooire decreases (o a preal extent while the lioking is aot
ws good as thar in Fig. 8(b). 'The rcsults for a miatio of 1:10
(Fig. Ble)] presents an oulpa? of infermediale gualilty where o
tradooft hetweaen the quality of linking and the noise raduction
is actievad. Siomilar effects of mermixing are observed with
the lines detected fram e gradient hnage of the gitl.

B Rewults from Madel 2

In the second st of exporiments, the cdac responscs have
been found by (he ollowing method, The cdge responses v,

42

el (43

Fig. 9. 1a} An image of & wicl 123 = 123, Linss e deweered from the
eradient imaze wsng interleaved rute (bl s s =10 WLk e p =10 15
Wy st po= |20 Hepe, & 3 the number of ieeations osing the opdation
e in 462, ard p 38 che nomber af iemtons wang the opdation oole io (12).
Targmeress are selecred g8 e = VL v = fil and lme zep = S,

amd vy, at every pixel are found by wsing Ihe st parteal
dervatives slong the x- and y-axes. The resuliamt response
v ound the edge divection o at a pixel ane found by wsing the
relation

¥I v

i odw Ty

:
T+ |

i
it — tan ! "'] i
e

The resultant response at every poinl is divided by fi, |+ vy | 1o
make it insensilive L he edge orientation. The edge responses
at all pixels are then normalized to (0, 13 by maximum value
of r. After normalization edee vectors are denoted by e, The
components of the normalized edge vector abong 5- and -
axes (o, and e, respectively) are led o the nerwork as input.
As described belore, the states of the processing clements are
injtially clamped o normalized cdge components.

In the perwork cach nearon has a circolae neighborhiood of
aclivily. For any peint 4, 2 set of points 5; i3 taken as the
cirewlar neighborhood of 4 in diseoele domain, eguivalent w
the analog neighborthool, such that for any § € 5,

and

A€ R4 05
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where 47, §) is the Buclidian distance berwesn { and j, and B
iz the radius of the equivalent circular neighborhodod in atalag
domain.

The weights of the interconnection between the processing
glements are set according to (31} The value of w detzrmines
the speed of convergence of fhe network. A low value of w
would canse a slow convergence, whereas a very high valoe
of w would result in ruther unwaneed oscillations, The value
of w was selected experimenally and is chosen as 100, In
fact, the value of wr «Jepends, to some extent, vn the nature
of te image also. The seli-feedback, as discussed before, is
taken 10 be proportional to the radivs of the neizhborhood.
To prevent the noise to be detected as edpe pixels, fhe self-
feedback should be large enough so that the strength of the
redundant edge pixels can reduce 10 zero with (he emeryrence
of the sttes of the processing elements, On the other hand, the
amount of self-feedback should be smal enoegh to ensure that
ihe respomse of the oue edge pixcls are not reduced causing
discontinuity, In ideal case, any edge point on & tue edge
will get support from 21 edge points (this is true when (he
edge is aligned with x- or y-axes). The edge point receives
slightly lesy support, if the edge is not aligned with either =-
or y-axis. The selt-feedback can be chosen slightly less than
2wh, In the present system, the value of self-feodback was
selected to be 180

The metwork was simulated to find oul the edees of mwo
different images as shown in Fig. 10 and Fig. 11, The results
show the edges linked for different radii of ncighborhood
fradivs 2 and 3). It is evident From the results thar the
diffusion ol edges is more with higher radivs, and consequentdy
more thick edges appear (Fig. 11(0) and 1 1{d)), This causes
comparatively more smoothing with radius 3 and alse belier
linking which alsu suppurts the theory of edpe induction as
posed here.

V1. DMECUSSION AND CONCLIUSIONS

In the present paper, two different connectionist models
have been presented. The models have been designed For
finding oul the confinuous line and edge segmients in a
graylevel image. The state updapon moles gand the geme-
sponding convergenos proof of the network have also besn
presented. [Tsing these models the dissdvantage of sced point
selection in sequential tine or edge linking is avoided.

Both the network models, proposed here, work on the
hagis of neighborhood information, The firsl model rebies an
the information from 8-neighborhood. Two different updation
rules have been prowvided for the fimst model. Due 1o the
presence of noise, two consecuiive line or edpe pixels on
# serment may be lost, The first vpdation male (6) s ahle
to restore such kind of defects in a better way compared to
the sccond wpdation mle {12). On the other hand, the noise-
reduction capahility of the second updation muls 15 much betar
than that of the first updation rle. Therefore, both the updation
reles have been interleaved in linking the line segments. Tn the
second model, larger neighberhood has been considered. and
as a resule, larger line or edge segments may be restored.

(b ]

S
THITT

]

]

dj ich

Fig. 1tk ga) linage [12537123) nf anisy vertical tars. () Diffused cdge cover
(initsa] nenghhorhord, B0 = 2). e} Bdges deteeted by lacral onmaxioam
stpapression Feoan (b, {d) IFfwsed edee cover (inigal neighbochood mdivs,
Ri0) = 3i. {2} Edges dewsted by lareeal nonmaxiroum suppression of (d}
Jur = 100, w, = 180, % = 0LE].

In the second muodel, the elfecl of noise §s less severe than
that in the ficst ene. This is due to the fact that the strengths
of noisy pixcls arc compensated by the pixels only in an 8-
neighborhood in the fiesst model. On the other hand, in the
second model, the effcct of noise is compensaied by the pixels
over & larger neighborhood Althouph the noise reduction is
better in the second modcl, the effect of smuthening of the
edges or fines is more in thes case.

In the first model, the epen-ended cdge or line segments do
not suffer lengthening. The owput of a processing element,
in this cuse, is updaied only it it reccives supporl from twa
neiphbors (using second updation mle (12)). As a result, the
states of the processtng elements corresponding o the emd
points of the lines and edpes are not opdated {since they
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Fig. 11w baeage D125 » 13%) of a oniap girl, 000 Diffused edee cover
nmial meighlexhead. King o1 Edges detected by latcral nemmisinmm
sppressied from (oo () Thffaaed edge cover inisind neighborood cedius.
T = 3%, i) Bdpes desecwed by lateral eenmanicvan suppreasion of ol
[o — 1000, v — 1824 = 00

receive iput enly from single neighbory. Thoe to the prescnee
of self-feedhack. the output of PEs comesponding to end pixels
devrogse 1o some extent, T1 the Grs updalion tale (60 @5 wsed
then the line scements can increase in length ae their cnds
o an exlenic Since the first und second updation rales arc
interleaved, they compensate cach other, and as 8 resclr, the
open ends of the line seaments may be shortened slightly.

In the sevond model, the edge or Gne segments are length-
encd with reduced strengtly st cheir open ends, This 34 duc
to the fact that the edge poines ae the open ends recursively
induce edge vectors over a large neighbarhead. The amcount
of lengthening depends one the rae we which the radios of

s

neiphborhiood is decreased. Inorecl lite imapes. open cdge
saaments are less frequent than the closed longs of edges.

In the sccend vonnectionist model, the selection o inifial
pucdivg of the neighborhoosd is more or less dependent on
the average separaticn of the edge scgments in oan image.
Moveover, at the junction of diffcrent edges, » pap may =
created due Lo cross induction (e, simalianeous induction in
ditferent dirccrions due to different cdges), This pheromenon
does nel happen in the first tmodel, beesuse in this case
information about more than one type of line sepment s
present in each provessing element. In the second model, the
final result is obtained by selecting the points comesponding 1o
the spinc of the inbuce) edye cover. There are many differant
lechnigques, available in literamre | 3] oo perform this seleclion,
Here, non-maxinoum suppression tochnigue is wsed Tor sake
il srppliciry.

In 1he second connectionist model. the neighborhood ol ace-
tivity 15 considered 2 be cirvular for each peocessing elerent.
Therefore, the ealent by which an edpe can induce cdge points
is same along any direction, The botter resulls may be oblained
il elliptical neighborhood s used instead of circular one, The
magor axis of the cllipse showld be alipned along the edge.
The selection of the ratoe of the major and minor axes may
be a plausible problen

Allhough the works presented here are concepmally anal-
aeons o the relaxation labeling algorithms [1IL [12] 1§,
a new dircetion of implementing 1he cobperalive proccsacs
tredjuire] Tor The linking) onto neural network models is the
main centribution. Sccondly. the presen inveslipalion comes
up with a couphe of new connectionist medsls which may
be applied o some ofher problems apart from line and edge
linking., Morcover, the meklels may provide a beter under-
standing of the human psyvehovisual phenomenaon. Although
the charmeteristics of preatlenfive vision were extensively
studienl by CGrossberg and Mingola 1297, the ealization af the
nenral modeling was lacking there, The current investigarion
may find its wse as a slep toward escablishing the bridge be-
rweel the classical image processing technigues and cognitive
pswvuholowy,

The linking of the broken Yine for edge) segments would
be better if there is feedback from the higher-level enti-
tics, Grossberg and Minpolla |29, |30] have deseribed the
repion flling-in and the pereepmal grouping phenraens in
this eontexl. The connecicgnist realizaden of these processcs
shoalil reguive both feed-forward snd feed-back paihs between
lower- and higher-level entities. The present work 15 & par
ol the investigation for building vp conmectioms models Tor
visual pattern recognition using lesd-Torward and tfood-back
conmegiieng [31]-1330.

Arrenpin 1
Tt ws comsider =0 o < a2, and O < o < 7/2. where
o i the angle subtended by 107 with m-axis. £ is the point
whise cffeet on €0 (due o adge induction) is curmently heing
congidered (Hig, 41 The edge vector induced w1 (F is considered
tq b perpendicular o the direction of P8 (this is governed by
the mature of the proposed cidpe poiml indoctien}. Therefore,



Lr]

the induced edge & due to £ will subtend an angle 7/2 + g
with the z-axis. The induced edge strength is piven as
e T i
£ -.ems(2+qfa u)
=eain(e — @)
=gsin oo ¢ — e00s asin ¢,
The components of & along the horizontal and vertical di-

retions arc £, = ecos o and e, = esineo, respectively.
Therefore,

e"=<-:1.ms¢—-s,;sin . {44)
The horizontal and vertical components of £ are

T e

g =& COs (2 + dr)

= —¢'3in ¢

r:;, =¢'gin (% + r,’:)

= cos ¢

respectively., Svbstituting the value of & (from (44)) we get

y =, zin? ¢ — ey 008 duin ¢

£, =ey o8t ¢ — e, cou pain ¢ {45}

Similarly, for ¢ > o,¢' will be perpendicular to PG
subtending an angle ¢ — &2 with the positive direction of
r-axis. The induced edge strength is

& =scoa(d—T/2 - a)

= — gninfo — ¢}

Le.,
& = o gin & — e, Co8 g (461
Therefore,
g, =¢' coald — mj2)
=¢'gin &
and
e, = sin(d — =/2)
= —¢'cog

Substibating the value of ' (46), the above eapressions hecomes
e, =g, vin? ¢ — 2, %in doos
;=e,me~2 ¢ — g sin oo gh

2 473

The equations for of, and &) can be proved (0 be wue in all
quadrants for all possible valoes of o and g
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ArPPENIX 11

Consider any two edge points M and N on the edge AR,
soch that M F = PN = ¢z PF 15 pependicgular to A8 (Fig,
5). In this case, the edges at I induced by edge points M and
N subtend equal and opposits angles with P, und a5 a result,
an edge veotor aleng PP is indoced (the edpe strengths at M
and N are considered 1o be equal). The strengih of the cdge
induced av P due to edge point M is g = ecos 8 where 8 is
the angle of the induced edge with P, The edge induced by
the edge point [V has the same strength and subtends an angle
—8 with 2™, Therefore, the resoltant induced edge strength
fdue to M and N) iz e}y = 2ecos? 6.

O the other hand n § = /. Therefore the induced
edge strength can be given as

+ 2e
S = —Ug'
14 (—)
I
_ Dy
T DE4aR

Since all such pair of points, like M and NV, lying on AT and
equidistant from P, induce an edge along P17, the resultant
wsponse can be given as

L Dt
o D*+af
=2efz — Dtan~YL/EY)

g = i

(45)

Ly, A
e EEL(I _ tan ML ”]).

(L/d)

ArpENmx TIT

From Appendix Il it can be said that the ipcrease in edge
response at any point P (Fig. 5) in dme ot 1s

de' = 2ew( B — D? — Dan~ (/(R/D): - 1))dt. (49)

Let the radivs of the neighborhood decreases linearly at a rate
A e, dhifdt = —=, or R = Ry — ¢, where fy is the initial
radivs at £ = 0. It is clear that if B < 13, then o' = 0.
Therefore, the resuttand induced edge swength at a point F'
due to presence of an edge AN iy

Tt
£ = Eﬂf (v 12 — 12— Dtan™ 14/ (R/D)* — 1))4R.
*.'
" (50)
After simplification, the expression reduces o

Detiy - p*
e = %[%Ru\."l-ﬁ%“ﬂj i 105(%) + (Rnfﬂ}:‘—ll
— RyDtan™ (TR /D)% - 1) (51

The expression has been derived without considering the
induction from other edges in the neighborhood and the selt-
inhibition. From the expression (51) of induced edge smength
it ia clear that the induced edpe strength will be more if 7' is
nearer to AF and will be less otherwise. To avoid saturation of
indeced cdge strengih af any point in the neighborhoed of an
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edge segment like AT, we must have € o be less than uniny
for any position of I, Since ¢ increases as 1 decreases. we
must comsier By e P Then we bave

. Zew ([l s : -
ol 2B SER+ 5D gl 2R/ 100 Haldtan (i 12)|.

132}
as L2 hecoimes very small with respect 1oy, Le, DT — D,
the cxpression rednecs o

P
o e*-!tlfn:{;l

=

(33
Since we requite ¢ to be less than unity, we must have

o = ewFE (34)
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