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Consisterey af imoge edpe filtering is of prime importance
fer JL inderpretation af image fequences wsing feature
pracking algorithees, To coter for lmage regions containing
{etwre and lsolated franires, a combined corner and edge
detector based on the local aute-correlation function i

* wilived, and i i shown to perform with gead tonsistensy

“on naiurel imagery.

INTRODUCTION

[The problem we are addressing in Alvey Project MAMII4%
ii that of using computer vision 1o understand the
unconstrainad 30 world, in which the viewed scenas will
in genersl contain oo wide a diversity of chizets for top-
down recornition techniques (0 work, For example, we
desire 0 obtain an understanding of natoral scenes,
containing reads, boildings, trees, bushes, etc., as typifisd
By the two frames from a sequance illustrated in Figure 1,
The solution 6 this problém that we are pursuing is w
us2 @ computer vision system based upon motion analysis
of & monocular image sequence from a mobile camera. By
exlraction und tracking of image features, repressntations
of the 30 analognes of these features can be constructed,

"To'enabls explicit wracking of image featurss to be
‘performead, the image features must be discrete, and not

fzem a continuurm like texture, or edge pixels {edgels). For

~this reason, our earlier work! has concentrated on the

alcaction and fracking of feature-points ar corners, since

they are discrote, relizble and meaningful?, However, the
lack of connectivity of feature-podnts is a major limitation
in our oblaining higher level descriptions, such as surfaces
and objects, We need the richer information that i
available from edges®.

THE EDNGE TRACKING PROBLEM

Matching berween edge images on a pixel-by-pixel basiz
works for stereo, becauss of the known epi-polar camesa
geometry. However for the motion problem, where the
camera moticd is unknown, the aperturs problem prevents
us from undertsking explicit edpel matching, This could e
overcoms by solving for the motion belorehand, but we
are still faced with the teck of racking each individoal edge
pixel and estimating its 31> location from, for example,
Kalman Filtering, This approach is unattractive in
comparison with sssembling the edgels into edge
segments, and racking thege segments as the fearuces.

Maow, the unconsirained imagery we shall be considering
will contain both curved edges and texture of various
scales, Representing edpes as a set of straight line
fragments*, and using these as our discrete fealures will be
insppropriate, since curved lines and (exture edpes can ba
expecied (o [ragment differently en esch image of the
sequence, and 5o be untracksble, Because of ill-
conditioning, the use of parametrisad curves {ag. cireular
args) cannot be expected 1o provide the solution, especially
with real imagery,
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© Figure I, Poir of images from an owtdoar saquence.




Having found Faule with the sbove solutions 1o the
nroblem of 31 edge interprefation, we quéstion the
necessity of Wying ta solve the problem at all! Psycho-
yigual experiments (Lhe ambiguily of interprelation in
wiewing a rawling bent coat-hanger in sillouetts), shaw
tha the prablem of 20 interpretation of curved edges may
indzed be effectively insoluble. This problem seldom
pecurs in reality becanse of e existence of small
imperfections and markings on the edge which act as
frackahla [eatura-points.

Althangh en accurate, explicit 3D representation of a
curving edge may be unoblainable, the connectivity it
provides may be sufficient [or many purposes - indeed the
pime connectivity may be of mare irmpartance than gxplicit
3D meazurements, Tracked edes conncctivity, supplement-
od by 30 bocations of corners and junctions, can provide
bath a wire-frarme stroctarel representation, and delimited
image regions which can act as putative 30 surfaces,
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This leaves us with the problem of peclomming relishle iz,
conzistent) edge filicring, The state-of-the-art edge [iltos,
apch wed, are not designed o cope with junctions ang
corners, and are reluctant (o provide wy edgs connectiviy,
This is illustrated in Figurs 2 for the Canny edge operaiee,
where the ahove- and below-threshold edgels are represenied
regpectively in black and grey. Naie that in the bushes,
some, but not all, of the edges are readily matchadle by
eyo. Alter hysteresis has been undertzken, followed by e
delation of spurs and short cdges, the application of &
junction completion algorithm eesulis in the edges and
junctions shown in Figure 3, edges being shown in grey,
and junctions in black. In the bushes, very fow of the
edges are now readily matehed, The problem here is that of
edges with responzes close to the delection thresheld: o
small change in edge soength or in the pizelladen cuses 3
large change in the edge topalegy. The uze of edges Lo
doserbe the bush is suspesct, and it is perhaps beter o
deseribe it in teoms of feature-points alone,




The solotion o this problem s w atternpd o detest both
gdges and sorners in the image: juncticns would then
conzist of edees mesting at comers. To pursus his
appronch, we shall start from Meravece's correr detector®,

- MORAVECD REVISITEDR

Morares's comer detaclor funcdons by considecing a local
window in the image, and detzemining the averags changes
of image intensity that resolt from shiting the window by
a small amount in various directions. Three cages nead 1o
b considersd:

A TE the windowed image patch is fat (ie, approximarsly
constant in intonsicy}, then all shifts will result in caly
aamall change;

B, If the window staddles an edge, then a shift along the
edge will reselt in & small change, but a shift
perpendicalar 1o the edge %0 resultin a large change;

C, 1f the windewed patch is a comer or isolated point, then
all shifts wwill result in a large change. A comer can
thus be detected by finding when the minimum change
produced by any of the shifts is large.

We now pive o mathematical specification of the above,
Denoting the image intensities by I, the changs E prodoced

by o shift (x,v} is given by:

F—x,y =2 v I Levoyv - [u,v 2

u,v

') where w specifies the image window: it iz unity within a

" specified recngular region, and zeoo elsewhers, The shills,

[x.¥}, that are congidered comprise [(1,0), (1,13, (0.1,
(-1,13]. Thus Moravec's corner detector is simply this:

= ook for local maxima in min{E] above some threshold
3 value,

Figure 4. Corner deweciion on a e image
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AUTO-CORRELATION DETECTOR

The pecformanca of Moravec's caorner detcctor on a test
image is shown in Figure 4a; for comparison are shown
the results of the Beaudet” and Kitchen & Rosenfeld®
ppecators (Figures 4b and 4o respectively). The Moraves
oparator suffers from a number of problems; these are
listed below, togedier wilth appropriate cocrective
IMEASUNESET

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

considered - sl possible smull shifts can be coversd by
pecforming an analylic expansion about the shift crigin:

Exy= E W [ lernydv - luy J2
uv :

= E Wy [+ ¥Y + 0(12,1."3} 12

v
where the first gradicnts are approximated by
X=1%(-1,0,1) =adlix
Y=1&(-1,0, 17T = 3@y
Hence, for small shifts, B can be written

E{x v = Axd g 2WCxy + B_','2

whers
A= Xlpw
B= Yl@w
C=E V) &w

2. The response is ooisy because the window is
binary and rectangular - use a smooth circular
window, for example a Gawssian;

Wy = EXP -(|.12'-I-1.r2j,.".'-!a2

3. The opecator responds too readily to edpes
because only the minimum of E is taken into
account - reformalace the comer measurs (o make use of
the variation of E with the direction of shift.

The change, E, for the small shift {x,¥) can be concisely
Wwritten as

E(xy) = (uy) M xn T
where the 2x2 symmetric matrix M is

A C
M=
C B

Mol that E is clozely related to the local autocorrelation
function, with M describing itz shape at the origin
(explicitly, the quadratic torms in the Taylor expansioal,
Lot o fb be the eigenvaluss of M. e and f will he
proporticnal o te principal curvatuees of the local aurc-



comelation function, and [oom 8 rotationally invariant
deszription of M. As hefors, thers are throo cases [0 he
conzicierad:

A I both curvatures are simall, 5o thal the local auto-
corrclation Functinn is flat, then the windowed imags
region is of approximately constant intensity (fe.
arbitrary shills of the image patch canse little change in
EX

B. If cne cureature i high und the other low, s fhat te
local arto-correlation function is ridge shaped, then
only shifis along the ridge (ie. along the edze} cauwse
little change in Li this indicates an edje;

C. If boll curvaturss are high, so that the local aot-
carrelation function is sharply peaked, then shifts in
any tirection will increase B thds indicates 4 comer,

L30-ToSponse CORIoUTS

amplitude of response function

Figure 5. Autp-correiation principal Garvidue fpace-
heavy lines pive corneriedgeiilat classification,
Jine lings are eiud-raspoRse CORKUrS.

Figure 8. Edgatcorner classlemion for e outdoor images

Consider the graph of (e space. An ideal cdge will by :
o larga and B zero (this will ke a surface of tanslation),

but in reality [§ will merely be small in comparison to a

doe to neise, pixellation and intensity quantisation. A,

comer will be indicated by beth reand [ being large, and 5

flat image region hy both oand [ being small, Since

increase of image conlrast by a factor of p will increass o

and B proportionately by p2, then if (o 5] is deemed

helong in an edge region, then so should (ap? fp). for -
positive values of . Similar considorations apply o
corners. Thus (of) space needs 10 be divided a8 shown by
the heavy linos in Figure 3,

CORNER/EDGE RESPONSE FUNCTION

Mot anly do we need comer and edge classification regions,
hut also 4 measure of corner and cdpe quality or respenss;
The size of the response will be used to select Bsolated
carmer pixels and to Lhin the edge pixels.

Ler us first consider the measurs of comer respanss, R,
which we require to he a function of & and § alone, an
grounds of rotational invariance, It 15 attractive to use
Tribd} and Det{M) in the formulation, as this avoids the
explicit cigenvalus decompositicn of M, thus

TofM) = atf= A+B

Detd) = nfi = AB ol
Ceaszider the following inspired formulation for the comer
responss

B =Det-k Tr2

|
Contours of constant B are shown by the fine lines in
Figure 5. R is pesilive in the corner region, negative i,
the edge regions, and small in the flat region. Not that
increasing the contrast {is. moving radially wway from the

{zrey = corner reglond, white = thirred edges),



Figure 7. Complewed edges for the outdoor images
fwhite = cormers, Mock = adges),

prigint in all cazes increages the magnitude of the
regpomse, The flat region is specified by Tr falling below

i " some selectad threshald,

' . A cormer region pixel (e ooe with a positive response) is

selented a5 2 nominated comer pixel if its response 15 an 8-

way losal maximum: comers so datectad In the test image

are shown in Figure 4. Similarly, edge region pizels are

- deemed to ke edgels if their responses are both negative and

local minima in sither the x or ¥ directions, according to

. whether the magnitude of the first gradient in the x or ¥
+ dirsction cespectively iz the larger. This resuliz in thin

cdges, The raw cdge/comer classification is shown in

- Figure 4, with black indicating corner regions, and gray,
© - the thinned edges.

- By applying low and high thresholds, edge hysteresis can
. be carricd out, and this can enhance the continuity of
5 cdges, These classifications thus result in a S-level image
- eomprizing: background, tao comer classes and o edps
i tlasses,

o eompleticn) will delez edge spurs and short isolated edges,

Further processing (similar o junction

and bridge short brzaks in edges. This resulls in

- continuous thin edges that generally terminzte in the

coener regions. The edge werminators are (hen linked (o tha

. torner pixels residing within the cormer regions, to form &

connected edae-westex graph, as shown in Figure 7. Note

“i that many of the comers in the bush are unconnected to

cdpes, as they reside in essentially textural regions.

_Althoupgh pot ceadily apparent from the Figure, many of

the corners and edges are directly matchable, Further work

| romaing 1o be undertaken concerning the junction
; completion algocithm, which 12 corrantly  quites

mudimentary, and in the area of adaptive theasholding.
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