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_ICc:I.':I.ﬁ'ﬂ'.'i'r'l.‘-'-"I'-E}' af image cdge filtering is of prime importance
for 30 interpretation of image sequences wsing feature
acking algorithms, T caler for image regions containing

- periure and selated faanres, a combined cormer and edee
o detector based on the local mute-correlation function i
. wilised, ard Bt (5 shown lo perform with good consiziency
g padurl Bmagery.
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INTRODUCTION
it

i T“I:u: problem we are addressing in Alvey Project MII149

15 that of wsing computer vision to understand the
uncensiralined 30 world, in which the viewed scenes will
in general contain ton wide a diversity of objects for top-

. down recogniton techniques (o work, For example, we

dasire (0 obfAin an understanding of natural scenes,
gontaining roads, buildings, trees, bushes, eic., as typified
By the two frames from a sequence illustrated in Figore 1,

;o The solution to this problem that we arc pursuing is (o

52 4 computer vision system hased upon motion analysis
af & morocuwlar image sequence from a mobile camera. By

; .Exiraction and tracking of image fealures, representations
+ - of the 3D analogues of thess features can be constmcted,

. To'enable explicit tracking of image features o be
37 rmed, the image features muost be discrete, and not

form a continuuin like texture, or edge pixels {edgels). For

~thiz reason, our earlicr work! has concentrated on the

exlraction and tracking of featurs-points or corners, since

I

—

1 T,

they are discrete, reliable and m:aninﬂﬁﬂi. Howeaver, the
lack of connectivity of feature-points is a major limitation
in our oblaining higher level descriptions, such as surfaces
and objects, We need the richer information that is
available from ediesT,

THE EDMZE TRACKING PROBLEM

Matching between edge images on a pixel-by-pixel basis
works for stereo, beranse of the known epi-polar camera
geometry. Howoever for the motion problam, where the
camera motion is unknown, the aperture problem prevents
us froum undertaking explicit edgel matching. This could bhe
overcome by solving for the maotion beforehand, but we
are still faced with the task of tracking each individoal edpe
pizel and estimating its 3D location from, for example,
Kolman Filtering, Thiz approach iz unattractive in
comparison with assembling the edgels into edge
segments, and racking thess seproents as the Fearures.

Mow, the unconstrained imagery we shall be considering
will contain both curved edges and texture of varlous
scales. Representing edges as a sct of straight line
fragments?, and using these as oor discrets features will be
inappropriate, since curved lings and (exmure dges can be
expected to fragment differently on each image of the
sequence, and 30 be untrackable. Because of ill-
conditioning, the use of parametrised curves {ag. circular
arcs) cannotl be expected to provide the solution, especially
with real imagery,

00:00:20: 00!

© Figure I, Pair of images from an owtdoor sequence.
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Having found fault with the above soluliong 1o the
problem of 3D edge interpretation, we question the
necessicy of Lying to solve the problem at alll Psycho-
visnal experiments (lhe ambigoity of interpretation in
viewing a routing bent coat-hanger in silhouefic), shaw
that the problem of 31 interprotation of corved edges may
indecd be effectively insoluble, This problem seldom
pcours in reality because of Lhe existence of small
imperfections and markings on the edge which act as
trackahle feature-prinis.

Although an aceurate, explicit 3D representation ol a
curving edge may be unoblainable, the connectivity it
provides may be sufficient [or many purposes - indesd the
erige connectivity may be of more importance than explicit
21 measurements, Tracked edse connectivity, supplement-
ed by 3D locations of corners and junctions, can provida
bath a wire-frame stroctural representation, and delimited
image regions which can act as putative 3D surfaces.
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This leaves us with the problem of peclorming relisbls (i,
consistent) edge filicring, The state-of-the-art edge [lkrs,
such as?, arc not designed to cope with junctions and
comers, and are reluciant o provide sy adgs comnectiviy,
Thig is illugrated in Figure 2 for the Canny edge operato,
where the above- and belows-threshold edgels ars represenied
respectively in black and grey. Note that in (he bushes,
some, but not all, of the edges are readily matchable by
eye. After hiystercsis has been undertaken, followed by the
deletion of spurs and short edges, the application of g
junction completion algorithm resulis in the edges and
junctons shown in Figure 3, edges being shown in grey,
and junctions in black. In the bushes, very few of the
edies are now readily matched, The problem here is that of
edpes with responses close to the detection threshold: a
small change in edge strength or in the pixellation ciuses a
larpe change in the edpe topology. The use of edges o
degeribe the bush is suspect, and it is perhaps beuer o
degeribe it in terms of feature-points alone,

Fipure 3. Linked Canny edges for the ouldaor images




The aoloon e this problem 1w attemnpd o detect bath
. edpes and ¢orners in the image: junctions would then

conzist of edres meeting at corners. To porsue (his

appronch, wa shall start from Moravec's coener detectord,

. MORAVEC REVISITED

Mocavec's cormer detectar functions by considering a local

7 window in the image, and deteemining the averags changes
of tmage intensity that result from shifiing the window by
2 small amount o various directions. Thres cazes need 10
b considerad:

A, If the windowed imaps patch is flat (e, approximately
constant in intensity}, then all shifts will result in enly
a small change;

B, If the window straddles an edge, then a shift along the
edge will result in a small change, but a shift
perpendizular 1o the edge will result in a large change;

L2 If the windowsed patch is a comer or isolated point, then

, all shifts will resolt in a largs change. A comer can
thus be detected by finding when the minimom change
produced by aoy of the shifts is large,

We now prive o mathematcal specification of the above,
=% Danroting the image intensities by I, the change E prodoeced
“ by a shife (x,v) is given b

Ex,:.' =X Ll TRY I I:n:+|.1,].r+'.' 'Iu,v 2
W,V

i where w specifies the image window: it is unity within a

* gpecified rectanpgular region, and zery elsewhere, The shifs,
5 (x,y), thae are considered comprise [(1,0), (1,13 (0.1},
i [=1,11], Thus Moravec's corner detector is simply this:
Sz look for Jocal maxima in min{E] above some threzhold
i valie,

Figure 4. Corner deteciion on o fagl Image
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AUTD-CORRELATION DETECTOR

The pecformanca of Momvec's corner dotector on a test
image iz shown in Figure 4a; for comparison are shewn
the results of the Beaudet? and Kitchen & Rosenfeld®
opecators (Figures db and dc respectively), The Moraveeo
oparator sufters from a number of problems; these are
listed below, wogether wilth appropriate corrective
[rAsLIres:

1. The response is anisofeopic because only a
discrete set of shifts at every 45 degrees is

comsidered - all possible small shifts can be coversd by
performing an analytic expansion about the shift oripin

Exy= = W [t yidv - luy 2
[F ) ;

= E Wy y (XK +¥Y + !;'I[x?.:.r?} 1

u,%

where the first gradients are approximated by
X=12(1,0,1) =dlidx
Y=1&(-1,0, )T = 315y

Hence, for small shifts, B can be written

E{x,v)= Ax? 4 2y = E}'E

whens
A=Xlgw
B=Y2@w
C={XY) 2w

2. The responseé is noisy because the window is
binary and rectangular - uwse a smooth circular
window, for example a Gaussian:

Wy y = EXp _.:,_114_,',21..'3,32

3. The operator responds too readily to edpes
becaopse only the minimum of E is taken into
account - reformulate the comer measore to make vse of
the variation of E with the direction of shift.

The chanpe, E, for the small shift {x,v) can be concizely
writlcn as

Exy) = (ry) M ()T

where the 2x2 symmetric matmx M is

|:A C]
M=
C B

Moete that E is closely relared to the local autocorcrelation
function, with M describing its shape at the origin
rexplicitly, the quadratic terms in the Taylor expansion).
Lot o be the eigenvaluss of M. o and B owill be
propestional o the prancipal curvaturss of the local auro-
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comelation fncton, and foerm 2 rotadonally invariant
description of M, As before, there are throo cases to he
congicdered-

A I Both corvatures are small, 5o that the local auto-
corrclation Function is flat, then the windowed imags
reion is of approximately constant intensity (3e.
arbitrary shifls of the Image patch canse little chunge in
El;

B. If one curvature is high and the other low, so that the
logal auto-coerelation function is ridge shaped, then
only ghifis along the ridge (ie. along the edae) cawse
litde change in B: this indicates an edge;

C. If hoth curvatores are high, so that the local aoto-
carrelation function is sharply peaked, then shilts in
any direction will increase E: this indicates 4 comer,

I30-TESPONSE CONOUrs

Ly L L
amplitude of response function

o

Figure 5. Auto-covrelation prircipel corvidure sprace-
heavy lines give cornerledgelat classification,
Jine lines are ¢qui-rasponse CHRILrE.

Consider the gruph of (i) space. An ideal cdge will have
it large and B zeso (this will be a surface of Lmnsla:junj.l
but in reality [§ will mersly be small in comparizon o g
doe to noise, pixellulion and intensity quantisation. 4
eomer il be indicated by both ccand [ being large, and 5
flat image region by both o and [ being small. Sinece g o
increase of image contrast by a factor of p will incraass ¢ '
and [ propoctionatsly by p:'-, then if (o) is deemed g _f
belong in an cdge region, then so should (uq:'i.ﬂ]:uij. far
positive values of p. Similar considerations apply o
comers. Thus (o,f) space needs to be divided as shown by
the heavy lines in Figure 5,

CORNEREDGE RESPONSE FUNCTION

Mat only do we need comer and edge classification regions,
hut also 2 measare of corner and edre quality or response,
The size of the responss will be used to select isclatad
corner pixels and ta tiin the edge pixels.

Let us first consider the measure of comer respansc, R,
which we require to he a fusction of o and B alone, on
grounds of rotatdonal invariance, It is attractive 1o wse
Trib} and DetM) in the formulation, as this avoids the
explicit sigenvalue decomposition of M, thus

Te(M) = ef= A+B i
Det(M) = afi = AB - 02
Congider the following inspired formoalation for the comer
resonss :
R = Det - k Tr2

Contours of constant B are shown by the fine lines in
Figure 5. R in positive in the corner region, negative i
the edge regions, and small in the flar region. Note that
increasing the contrast (12, moving radially away [rom the

Figure 5. Edgetcorner classification for the outdoor inages
{grey = corner reglars, white = thinred edges),




Figure 7. Compleied edges for the outdoor images
(white = cormers, Block = adpes).

prigind in all casges increases the magnitade of the

« response, The flat region s specified by Tr falling below

. " gome selectad threshold,

Lot A cormer region pixel (e one with a positive responze) is

calected a3 & nominated comer pixel if ite respones is an 8-

= way local maximum: comers 5o detectad in the test image
4 are shown in Figure 4. Similacly, edpe repion pixels are
*. desmed b be edgels if their responses are both negatve and
o loeal minima in either the x or ¥ directions, according to
s whether the magnitude of the first gradient in the x or ¥
¢ direption respectively is the larger. This results in thin
edges, The raw edge/comer clagsification is shown in

Figure 6, with Black indicating corner regions, and gray,
ihe thinned =dges.

By applving low and high thresholds, edze hysteresiz can
be carricd out, and this can enhance the contiouity of
edges, These classifications thus result in a S-level image

o eoemprizing: background, tao comer classes and pao adps
* tlaggas, Further processing (similar to junction
- complatdeny will dalets edpa spues and shoct isolated edges,

and bridge short breaks in edpes. This resulls in
-t continuons thin edges that gencrally terminate in the
. coener regions. The edge erminators ace then linked (o the
. tornge pixels residing within the comer regions, to form a

¢ connected edgpe-wertex graph, az shown in Fipure 7. Mot

"4 that many of the corners in the bush are unconnecied to
i pdpes, as they reside in essentially textoral regions.
: Althouph ot eeadily apparent from the Figure, many of

the corners and edges are dirgctly matchable. Further wock

feremaing 0 be undertaken concerning the junction
z'completion glgorithm, which i corrently quite

rudimentary, and in the area of adaptive theesholding.
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