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Image asa map

= An Imageis arepresentatioof ascene.
= |s it thebestpossiblerepresentatiof?

= How canwe make usetheimageto navigatein the
scenge?

= Whatif | don't wantthe ne structure?
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The problem of scale

= Mostalgorithmsin computervision assumehatthe
scaleof interpretatiorof animagehasbeendecided
apriori.

= How doyou decidethe scaleof anoperatonn the
absencef any apriori knowledge?
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Createa multiscalerepresentationf theimageby
generatinga family of imageswhere ne-scale
Informationis successely supressed.

Characterizéhe basicfeaturean termsof optimaof
functionsde ned overthis family of images.

Problem:How do we constructthis multiscalerepresen-
tation?
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The problem of Differ entiation

g(x) = f(x)+ sin!x

Ok(X) = fx(X)+ ! cos! x

cccccccccccccccc



ScaleSpace- p.8/60



ScaleSpace- p.9/60



ScaleSpace- p.10/60



Example 2
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Example 2
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Example 2
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Schwartz's Theory of Distrib utions

= Differentiationis anill posedproblem.

= Theoutputof the proceduras notaunique
continuoudunctionof its inputs.

= Theproblemgetsworsewith datawhichis
discontinuous.

= ImagesARE discontinuousiata.
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Schwartz's Theory of Distrib utions

= Insteadof observinghefunctiondirectly, usea
orobe.

= Probe=In nitely differentiablefunction.
= Probing= Correlation.

m Differentiation= correlationwith the dervative of
theprobe.

= Problem: Whatis agoodprobe?
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Previous Work

= QuadTrees

= Pyramids
= Gaussian
= Laplacian
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ConsideranimageD of size2 2K,

De ne ameasure of variationin arny region
DY D.

etDK) = D.
if (D®)Y> | splitD®) into p subimages
Dj(K 1),1 =1::5p

Representheimageusingthedegreep tree
constructeabove.
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Multiscalerepresentation.

1. fk =1f.

2. fK 1= Reducgf ¥).

3. fK (x) = i e(n)f*(2x  n)
Conditionsonc.

1. c(n) > 0

2. ¢(jn)) c(n+ 1)

3. B( n) = c(n)

'j)h P zg:]) :1P c(2n + 1)

n n
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Multiscale v/s Multir esolution

= Pyramidsreducethe sizeof theimageasyou go up.
= Samplingratereduces.

= Usefulfor compression.

= Complicatedo analyse.

= Multiscalemethoddik e scalespacepresenre the
samplingrate.
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Why not just subsample?
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Why not just subsample?

Subsamplingreatesmagefeaturesvhicharenotpresent
In thescene.
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The Desiderata

L(X;t) = h(Lo(x); 1)

= Shift Invariance

= Linearity

= Isotropy

= Causality

= Semi-Groupstructure
= Separabllity
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Linear Shift

Invariance and Isotropy

Eachpartof theimageis processeavithoutregardto its

sotropy Impliest
mplication: The
afamily of corvo

positionin theimage.Theprocesstselfis linear.

natall directionsaretreatedasequal.
procesgyiving riseto the scalespacas

ution operatorsi.e.

L(;t)=h(;t) Lo
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Imagefeaturesat a scaleareonly dependenbnthe
Imagefeaturesonthescalesner thatitself.

Theprocessloesnot createary new featues.

As animplication,the numberof extremais
non-increasingvith increasan scale.
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Koenderink(1984)shavedthatcausalityimplied

%:czr L

Describeghe evolution of thetemperaturasa
functionof spaceandtime.

Also describeghe processf diffusion,L then
representsoncentration.
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Heat Equation in 1-d

For thecaseof arod of lengthl andzeroboundary

conditions,
L(0;0)= 0O;L(0;1) =0

andinitial condition

L(x;0) = f (x)
the solutionis givenby
X 2 2
L(x; ) = anin(nl—x)e n? 20t
n
Z

2
anl—

f (x) sin(nl—x)dx
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Semi-Group Structur e

h(;te+ t2) = h(;ty) h(;ty)

moreprecisely

1.

2.
3.
4.

_(;t2) = h(;t) Lo
L(;t2) = (h(;t2 t1) h(;t1) Lo
L(;t2) = h(;t2 t1) (h(;t1) Lo)

L(st2) = h(;ta t1) L(;ty)

55555555555555555



Separability
Thekernelshouldfactorinto singledimensionakernels.

h(X1; X2;1) = h(Xq;t)h(Xo; 1)
Decreasethe compleity of calculatingthe convolution.
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Presenting: The Gaussian

oo xTx
l -
h(x;t) = p— e A
2 t
1. Rotationallysymmetric

2. Separable
3. In nite Differentiability

4. Ligigiin (X5 1) = @i LX) = Nigigii, Lo(X)
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Example of GaussianScaleSpace
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But iImagesare not continuous!

= Thereexistsacompletetheoryof discretescale
space.

P
mL(x;t)= [ T(n2)f(x n)
nT(n;2t) = e YUp2 t)
= |, Isthemodi ed Besselfunction.

= Inthelimitt! 1 , T approachethecontinuous
Gaussian.

m@L(x;t)=L(x+ 1;t) 2L(x;t)+ L(x 1;t)
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Now what?

Whatcanyou do with a Gaussiarscalespace?
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An imagefeatureis the setof extremaof a function
de ned onanimage.

1. How doyoude ne functionsonanimage?

2. Whataregoodfunctions?

3. Whatareareperceptuallyneaningfulfeatures?
4. Whatscaleshouldthefunctionsoperateon ?
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Differ ential Geometric Invariants

= Functionsof thevariousdervativesof animage.

= Scalespaceallows usto take dervativesin spatialas
well asscaledimensions.

= Considennvariantsbhasedn dervativesof order
two andlower.
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An obseation about gradients

Ly (X;t1) > Ly (X;t2)
If,
1<1;
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Example

Lo=f(X) = sin!Xx
) L(x;t) = e ' ™sin! x
Lmax(t) = €'

Lym:max(t) = ! Te 2
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Normalized Coordinates

X
B
@ = @
of,
L mmax(t) =t Me
goesup andthendown!
m

Tmax = 12
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The continuing sagaof the maxima

m m=2

I— m;max(tmax) = a

= Themaximumvalueof them™ ordernormalized
dervative is independendf scaleandfrequengy.

2 —
tmax! max — m
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Imagestructuresarecharacterizetby sudden
changeshencethey canbeformalizedasextremaa
functionof theimage(differentialforms).

In theabsenc®f otherevidence assumehatthe
scaleatwhich somefunctionof normalized
dervativesassumes local maxima(over scales)s a
re ection of thesizeof thecorrespondingtructure

INn thedata.
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Scalingproperty of maxima

If theinputimageimageis scaledby a constanscaling
factors, thenthe scaleat which the maximais assumed
will bemultiplied by the samefactor

l.e.

ROVERICH
P P

) tI(’)TIaX = S tmax
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canwe do scaleselectionnow ?

1. Characterizea featureby adifferentialform (DL).

2. Find maximain scalespaceto estimatesizeand
approximatdocation.

(r (DL))(Xo;to) = O
(@DL))(Xo;t)) = O

3. Usesizeinformationto performare ne thelocation
of thefeature.
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Sun owers

ScaleSpace- p.45/60



Assumea circularblob (samescaleon bothaxes)and
modelis usinga Gaussian.

1 24 4 2)=
f(Xl;XZ) - g(Xl;XZ;tO) = 2—*[06 (X1+X3)=2to

by the semi-grouroperty
L (X1;X2;t) = 9(X1; X2;to + 1)
Thechoserdifferentialformis
DL = jtrace(HL)] = JLx,x; + Lyxyx,)

DnormbL = thX1X1 T Lszzj
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L,y = X1 1 e (X2+x3)=2(to+1)
e 2 (tg+ 1) 2 (tg+ t)?

which canbeusedto showv thatthe spatialminimafor
DL occursat

(X1;%2) = (0;0)

t
) DnrormL(0;0;t) =

(to + )2
whichin turn hasa maximaatt = t
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Theexampleveri es thatfor roundblobsthe
maximumvaluels attainedat a scaleproportionalto

the”width” of theblob.

In tl'Be caseof elliptical blobs,thescaleis givenby
t= " tit.
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Sun owers

Blob scaledetectionusingtrace(H (L)) = r “L.
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Find afunctionof the scalespacamagewnhich
Indicatesthe presencef acorner

Useilt to identify the scaleandthe approximate
location.

Re ne thepositionusingForstnercorneroperator
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Cornerarecharcterizedy
1. High curvaturein thegrey level landscape

3+ )=

2. High gradient

- L+ L)

— 3

Lol 2LxLyLyy + LiLyy
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Corner Detection

= Thevalueof — In normalizeacoordinatess givenby

= Cornerpointsandtheir correspondingcaleis
iIdenti ed usingthe scalespacenaximafor —
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Localizing the corner

Dyo(x) = ((r L)(x) " (x  x)
VA

dmin — mln DIOD XOWX() (XC)dXO
X x0
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Localizing the corner

minX TAx 2x'b+ ¢
X

V4

A = (r L)OOr L) (xIw(x)dx® (1)
Vi

b= (r L)Y L)TxXYxWw(xYdx° (2)
Vi

c = XT(r LYXY(r L) (xYxw(x¥dx® (3)

X

andtheminimais
x= A 1b



Shapeandsizeof thewindow functionw(x9: Use
the scaleestimateasthewidth of the Gaussiarior
theweightwindow.

LocalizationScale:Whatscaleshouldthegradient
r L becalculated? At x = A 1b

Thebestlocationfor the corneris theonewhich
minimizesd.,i, w.r.t ascaleparametengain.
To reducesensitvity to local imagecontrastwe
InSteaaduse

~ ¢ bA D

Oin = trace(A)
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Corner Detection: Example
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Corner Detection: Example
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ScaleSpaceprovidesuswith aformalismin which
we canconstrucimultiscalerepresentatioof signals
cleanlyandef ciently.

Givenacertainclassof featuredescriptorsit allows
usto detectthe scaleat which certainfeatures
expresshemseles.
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