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A COMBINED CORNER AND EDGE DETECTOR

Chris Harris & Mike Stephens
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o

Consistency af image edge filtering is of prime importance
far 30 interpretation of image sequences ksing frature
{fu cking algorithnes, Ta cater for mage reglons containing
ierture ahd lelated features, a combined corner and edie

.+ detector based on the local auio-correlation function ir
*ilived, and i is shown to perform with good corsistency
oA hatural imagery.

INTRODUCTION
oy

1 TI:II: problem we are addressing in Alvey Project MMI149

iz that of psing computer vision to understand the
unconstralned 30y world, in which the viewed scenes will
in general contain ton wide a diversity of objects for top-

- down recognition techniques o work, For example, we

dzsire (0 obtain an onderstanding of natural zcenes,
gontaining roacds, boildings, roes, bushes, eic., as ypified
By the two frames from a saquence llustrated in Fipore 1,

.+ The solution (o this problem that we are pursaing is o

Us2 A computer vision system based upon motion analysiy
af @ monocular image sequence from a mobile camera. By

- exlraction and tracking of image fealures, representations
+ pf the 30 analogues of these features can be constructed,

. Td enable explicit wracking of image features to be
- “performed, the image features must be discrete, and not
. form a continuum lke texture, or edge pixels {edgels). For
“this reason, our carlier work! has concentrated on the

extraction and tracking of feature-points or corners, sines
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they are discrete, reliable and meaningfil?, However, the
lack of connectivity of festure-podints is a major limitation
in our oblaining higher level descriptions, soch as surfaces
and ohbjects, We need the richer information that is
available from edpes.

THE EDGE TRACKING PREOBLEM

Matching batween edge images on a pixel-by-pixel basis
works [or slereo, hecanse of the known epi-polar camers
geometry. However for the motion problem, where the
camera moticn is unknown, the aperturs problem prevents
us from undertaking explicit edgel matching, This could be
overcome by solving for the motion beforehand, but we
are still faced with the task of wracking each individual edge
pixel and estimating its 3D location from, for example,
Kalman Filtering. Thiz approach is unattractive in
comparizon with assembling the edgels into edge
sagrents, and racking these sepments as the faatures.

Mow, the unconstrained imagery we shall be considering
will contain both curved edges and texture of various
scales. Representing edges as a sct of straight line
fragments*, and using these as oor discrete features will he
mappropriate, since curved lings and texture edpes can be
expected (o [ragment differently on cach image of the
sequence, and g0 be untrackable, Because of ill-
conditioning, the use of parametrized curves {zg. circular
arcs) cannol be expected to provide the solution, especially
with real imagery,

(0:00: 20: 00!

- Figure I. Pair of images from an owtdoor sequence.
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Having found fault with the above solutions to the

problem of 30 edge interprefation, we question the
necessity of Lying to solve the problem at all! Psycho-
visnal experiments (lhe amhigoily of interpradation in
viewing a rowting bent coat-hanger in sillivuetic), shaw
thae the problem of 3D interprotation of corved edges may
indecd be effectively insoluble. This problem seldor
occurs in reality because of Lhe existence of small
imperfections and markings on the edge which act as
trackahle [eature-points.

Although an accurate, explicit 3D representation of a
curving edge may be vnoblainable, the connectivity it
provides may be sufficient [oe many purposes - inde=d the
edge connectivity may be of more Importance than explicit
31 measyrements, Tracked edge connectivity, supplement-
ed by 3D locations of corners and junctions, can provids
both & wire-frame structoral representation, and delimited
image ragions which can act as putative 20 surfacas,

This leaves us with the problem of pecloeming relisble (i,
consistent) edge filicring, The state-of-the-art edge [lters,
such as, are not designed 0 cope with junctions angd
cormers, and are reluctant o provide any edgs coonectivity,
This is illusirated in Figure 2 for the Canny edge operatoe,
where the shove- and below-threshold edgels ars represenied
respectively in black und grey. Mote that in (he bushes,
some, but not all, of the edgss are reddily matchable Ty
gye. After hysterosis has been undertaken, followed by te
deletion of spurs and short cdges, the application of g
junction completion algorithm resulis in the edzes and
junctions shown in Figure 3, edges being shown in prey,
and junctions in black. In the bushes, very few of the
edires are now readily matched, The problem here is that of
edpes with responses close to the delection thresheld: o
small change in edge strength or in the pixellation ciuges 3
large change in the edge topology. The use of edges 1o
deseribe the bush is suspect, and it is perhaps beter to
describe it in terms of feature-points alone,




The solution te this problem is W atiempd o detect both
. edpes and corners in the image: junctions would then
consist of edpes meeting at comers. To porsue s
approach, we shall start from Moravec's coener detector®,

.. MORAVEC REVISITED

Moravec's comear detector functions by considecing a local
 window in the image, and determining the average changes
of image intensity that result from shifting the window by
g small ameunt in varous directons. Thres cases nead 1o
be considersd:

A, IE the windowed imaps patch is flat (e, approximaely
conatant in incensity), then all shifts will result n enly
a small change;

B, If the window straddles an edge, then a shift along the
edge will mesult in a small change, but a shift
perpendicular © the edge will result in a large change;

o 2, If the windowed patch s a comer or isolated point, then
. all shifts will Tesolt in & large change. A comer can

* thus be detected by finding when the minimom change
prociuced by any of the shifts is large.

We now give o mathematical specification of the above,
Denoting the image intensities by I, the change E produced
by a shift (x,v) is given e

Ex,}l =X b TR I Ix+u,].r+'.' & Iu,v 2
i,y

a::_'-'; where w specifies the image window: it iz unity within a
* gpecified rectangular region, and zers elsewhere, The shifts,

© [xy), that are considered comprise [{1,00, (1,1}, (0,1},
(-1,131. Thus Moravec's corner detector is simply this:

2 lpok for Jocal maxima in min{E) above some threshold
o waloe,

Figure 4. Correr deleciion on o tesi Image
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AUTO-CORRELATION DETECTOR

The performance of Moravec's corner dotector on g test
image iz shown in Figure 4a; for comparison are shown
the resulls of the Beaodet’ and Kitchen & RosenfeldB
opecators (Figurss 4b and dec respectively). The Moravec
oparator suffers from a number of problems; these are
listed below, wpether with appropriate corractive
[THASLIFES:

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

considered - all possible small shifts can be coversd by
pecformiog an analyie expansion about the shift origin

Exy= E Yo [toydy - luy ]2

F

= E Wy v [XX+¥Y + ﬂ[n'z.y'z} 114

u,w
where the first gradients are approcimated by
X=1&(1,0,1) =alidx
Y=12-1,0, 17 =313y
Hence, for small shiftz, E can be written

Eixvi= Ax? 4 2Cny + E}'E

whens
A=Xi@w
B= Yl@w
C={XY) 2w

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

Wiy g = EXP -l:|.11"+1.r2"'1."2-;|2

3. The operator responds too readily to edges
becanse only the minimum of E is taken into
account - reformulate the comer measore 0 make vse of
the variation of E with the direction of shift.

The change, E, for the small shift {x,v) can be concizely
written as

E{x,y) = (xy) M ()T

where the 2x2 symmeric matmx M is

A C
M=
[': B]

MNote that E is closely related to the local autocorrelation
function, with M describing its shape at the origin
(explicitly, the quadratic terms in the Taylor expansion).
Lat o be the eigenvaluss of M, o and f will be
propoertional w the prncipal curvaturss of the local aute-
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comelation function, and form & rotatdonally invariant
dezeriprion of M. As before, thers are three cases 10 he
conzicerad:

A I both corvarures ars small, so that the local auto-
eorrelation function is fat, then the windowed imags
razion is of approximately constant intensicy (ie.
arbitrary shills of the image patch cause Litfle change in
E);

B. If cne curvature is high and the other low, so that the
local auto-carrelation [unction is ridge shaped, then
only shifis along the ridge (ie. along the edae} cause
little change in E: this indicates an edjge;

. If hoth curvatores are high, so that the local aui-

carrelation function is sharply peaked, then shifts in
any direction will increass E: this indicates a comer,

I30-TCSPONSE CONtoUrS

e

G pas
amplitude of response function

)

Figure 5. Auto-covrelation prircipal coervalure fpace-
keavy lines give corneriedgelflat classification,
Jing lines are equi-rafpanse CoORIQUrs.

Consider the graph of (o) space. Ax ideal edge will buyy
x large and B zero (this will be a surface of translation),
but in reality [ will merely be small in compaison o ¢
doc to noeise, pixellulion and intensity quantisation. 4
eomer will be indicated by both ceand [ being large, and 5
flat image region hy both oo and [ being small. Sinee an
increase of image conlrast by a factor of p will increase g
and P proportionately by p:'-, then if (o) is deomed to _:
belong in an cdge =gion, then so should {uq}i.ﬂpij, for
positive values of p. Similar considerations apply w
comers. Thus (o) space needs o be divided as shown by
the heavy lines in Figure 5.

CORNER/EDGE RESPONSE FUNCTION

Mat only do we need comer and edge classification regions,
hut algn 3 measure of corner and cdge quality or responss;
The size of the responss will be used to select isolated
carmer pixels and to tin the edge pixels.

Let us first consider the measurs of comer respanss, R:
which we require to be a function of & and f alens, on
grounds of rotatonal invariance, It is attractive 1o use
Trid} and DetM) in the formulation, as this aveids the
explicit eigenvalus decomposition of b, thus

Tk = c+f= A+B

Det(M) = afi = AB - C2
Consider the following inspired formulation for the corner
response E

R = Det - k Tr2

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

Figure 8. Edgelvorner classifeation for the outdoor irIges
[arey = COFREr FARIGRT, Wwhile = thirred cdges),
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Figure 7. Complewed edges for the outdoor images
rwhite = cormers, Black = adges).

prigin} in all cazes increases the magaitade of the

* response, The flat region is specified by Tr falling below

' gome selected threshald,

Lot A cormer rezion pixel (e one with 2 positive response) is

salected a3 a nominated comer pixel if itz responss 15 an 8-

=~ way local maximum; comers so detectad in the test image

- are ghown in Figure 44, Similacly, edge region pixels are

'+ deamed to be edgels if their responses are both negative and
- local minima in either the x or y directions, according to
-2 whether the magnitude of the first gradient in the x or ¥

1 direction respectivaly is the larger. This resultz in thin

edges, The raw cdge/comer classification is shown in
Figurs 6, with Black indicating corner regions, and gray,
ihe thinned edges.

= By applying low and high thresholds, edge hysteresis can

be carmicd out, and this can enbance the contiouity of
edges, These classifications thus result in a J-level image

eomprizing: backiround, e comer classes and vao edps
© ¢laszes, Forther processing (similar to jooction
& eompleticn) will dalets edge spaes and shoet isolated edges,
rand bridge short breaks in edpes. This rezulls in

“ tontinuous thin edges that generally terminate in the

. coener rerions. The edge terminators are then linked to the
. tomer pixels residing within the comer regions, to form a

' ronnected edia-wertex graph, az shown io Figurs 7. Note

“i that many of the comers in the bush are uncannected o
i edpes, as they reside in essentially textoral repions.
; Althouph net eeadily apparent from the Figure, many of

the corners and edges are directy matchable, Further work
femaing 1o be ondartaken concerning the junction

2 completion algorithm, which 18 corrently quite
< mudimentary, atd in the area of adaptive thresholding.
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