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MpusHakm nzobparkeHuin

[ [pu3Hakm }

[ I'noéoanble} [ JTokanbHble }
OnuUCbIBAKOT KAPTUHKY LIEIMKOM: OnucbIBAOT YOCTb KAPTUHKM:
CpenHss APKOCTb, CpenHsa APKOCTb BEPXHEN NTEBOMU
cpepHee 3Ha4yeHue no HETBEPTH,
KPOCHOMY KaHany, cpegHee 3Ha4YeHue no KPACHOMY
KAHANY B OKPECTHOCTU LEHTPA
M306paKEHMS;
OB6bIYHO, BLIYMCIAFOTCS MO BCEM CermeHtaums, nomck Touek MHTEPECQ,
NMUKCEnsSMm M306p0)|(e|.||4;| I'IOCTpOGHMe I'IpVI3HGKOB no

OKPECTHOCTAM TOYEK MHTEPECA
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Korga rmo6anbHbie npusHaku He paborator?

Lighting Occlusion

Slide credit: Josef Sivic
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Pewuenue: nokanbHbie NpU3HaKK

Xots rno6anbHbie NPM3HAKM OTAMYAKOTCA, MOXKHO HOMTM COMOCTABUMbIE
dparmeHTbl M306paKEHMI

«  Kak Bbibupats dparmeHTs?

e  Kak onuceisats dparmeHTsI?
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Kak conocrasnsatb pparmeHTbi?

1.  Ckanuposanue (scanning)

[NonHbilt nepebop (ToUHO He MPONYCTMM NAPY COMOCTABMMBIX PPArMEHTOB)
[NonHbilt nepebop (MegneHHo)
Cnuwkom MHOro nap
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Kak conocrasnsatb pparmeHTbi?

X Kniouesble TOUKM
Toukun nHTepeca
Touykn BHUMOHMS
Ocobbie ToukM
ToyeyHble 0COBEHHOCTH
“salient”
“keypoints”
“representative”

1. BuibopouHoe cpasHeHne pparmerTos (sparse matching)

BricTpee: MeHblIEe cpaBHEHMIA

MN30nuposaHHbie parmeHTsl (HET nepecekarowmxcs nap)
Het rapaHtuu, uto scerga 6ygyT HalaeHbl BCe Naps!

Kak mckatb «ktoyesbie» TOukmu???
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Kakumu gorxHbi 6biTh «0cobbie» ¢pparmeHtbi?

1.  Wx gonxHo 6biTb HEMHOTO
*  CYLECTBEHHO MEHbLUE, YEeM NUKCENeH Ha M30OPaKEHMM
2.  WudopmatmeHbie, penpeseHTaTMBHbIE, YHUKASbHbIE
. Ecnm okpectHocTv ABYX TOUEK He OTNMUMMbI, BYAET CMIOXHO NOHSTh, KAKYIO M3
HMX CONOCTABUTL MCKOMOMY bPArMeHTy
3. [losropsembie
e OpHa 1 Ta e TOUKA JOMKHA HOXOAMTCS HA M30BPAXKEHWUMU BHE 3ABUCMMOCTM OT
rEOMETPUYECKMX M POTOMETPUUECKMX UMEHEHMIH OBBEKTA ChEMKM
4. JlokanbHble
. He6onbworo pasmepa, yCTomumebl K YHGCTMMHOMY NEPEKPLIBAHMIO APYIMM
0ObEKTOM
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CpaBHeHue U306pa)keHUit MPY NOMOLLM STIOKASbHbIX

NMPU3HAKOB. OCHOBHbIE LUArun

1.  Jlokanuzaums ocobbix Touek

2.  Buigenenune ocobubix dparmeHtos —

OKPECTHOCTM KMIOUEBbIX TOYEK,
MHBAPMOHTHBIE K M3MEHEHMIO
mactaba

3. [loctpoenne BekTopoB Npm3HAKOB
NS HOMAEHHbIX PPArMEHTOB

4. ConocrasneHue Habopos
NIOKQMNbHbIX MPU3HOKOB /1S ABYX

N pixels

M306PaXKEHMIA

. |||||||“|||

N pixels
Fig. credit: K. Grauman, B. Leibe

8 © Copyright 2012 Hewlett-Packard Development Company, L.P. The information contained herein is subject fo change without notice.

local descriptor

—

d(fs: 1) <T



MoeTopsiemocTb 0cO6bIX TOUEK

Het coBnapatowmx ocobbix Touek — HET BO3MOXHOCTH COMOCTABMUTL M306PAKEHMS!

*  Heobxopnmo, utobbl x0T 6bl YACTE OCOOBIX TOUEK NEPBOTO M30OPAXKEHMS Bbina
OBOHAPY>KEHA HA BTOPOM

e [lpu a1oM 0BHAPY>KEHME OCOOBIX TOYEK HBOMKHO MPOUCXOQMTL HE3ABUCMMO AfS
KOXKLOrO M306PaXKEHMs

Slide credit: K. Grauman @
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NHdopmatmeHoCTb, penpe3eHTaTMBHOCTb

(
e XXenatenbHa ogHO3HAYHOCTL B CONOCTABNEHMM PArMEHTOB
. KenatenbHa MHBAPUAHTHOCTL K FEOMETPUUECKMM U GOTOMETPMUECKMM

TPAHCPOPMALMSIM OOBEKTA HO PA3HBIX M30OPAXKEHUIX
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[eomeTpuueckue un poromerpuueckme
TpaHcdopmaumm n3o6parkeHus

[eomeTpHueckme: - ‘

* [osopor

* [Nosoport + mnameHeHue macwraba

 AdumHHbIE NPeobpPa30BAHMS

DotomeTtprueckmue
« AdunHHble npeobpazosaHrms uHTeHcTHBHOCTH (I — a | + b)

- )
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Yrnosble TOUKU B KayecTBe ocobbix

. [Mpocto 06HAPYXMTb, MCMOMNb3YS MASIEHBKOE OKHO
. CMeLeHre OKHO B OKPECTHOCTM YITIOBOM TOUKM B JIIOOOM HAMPABEHWM NMPUBOZMT K
M3MEHEHMIO HAOOPA MHTEHCMBHOCTEN OKHA (anroputm Mopasuka)

. B okpecTtHocTn yrnoeoit Touku — gBa HanNpasnexHus rpagueHTos (anropmtm Xappuca)
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[erextop Xappuca — ocBHOBHas upes

. [Ins kakporo OKHA CMOTPUM HO COOCTBEHHbBIE YMCIA KOBAPUALMOHHOM MATPULbI
rPAQMEHTOB MUKCENEN

. Co6cTBeHHblE BEKTOPA 3TOM MATPULbI MOKA3bIBAIOT OCHOBHbIE HAMPABIEHMSY
OAHHbIX

. BenuunHa cobCTBEHHbIX YMCEN YKA3bIBOET HO «CTEMEHb BbIPAXKEHHOCTH»

COOTBETCTBYIOLLETO HAMPABMNEHMS
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Het «Bonblumx» coBCTBEHHbIX YMCen 1 «6onblioe» coBCTBEHHOE YMCNO 2 «Bonblumnx» cobCcTBeHHbIX YKCa
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Oerextop Xappuca: maremarmka

I3MeHeHre MHTEHCUBHOCTH IIpH CABHTE Ha [U,V]:

E(u,v) =Y w(x y)[1(x+u,y+Vv)—1(x, |

y

Window Shifted
function Intensity

Window function W(X,Y) = JEN— .
——’/’/\ - ;
1 in window, 0 outside Gaussian
W
16 © Copyright 2012 Hewlett-Packard Development Company, L.P. The information contained herein is subject to change without notice.
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Oerextop Xappuca: maremarmka

Jis ne6onbmux casuros [U,V] moxem anmpokcumuposars:

LU+ X,v+y)= (X, y)+ 1 (5 y)u+l, (X y)Vv

DTO NPUBOJUT K MPUOTHIKEHUIO:

E(u,v) = 3, wx, y)(1,(x, y)u+1, (X, y)v)*

rac M - Marpuia 2><2, cocCToAlIasA U3 YaCTHBIX IIPOMU3BOAHBIX OT MHTCHCHUBHOCTH.

17 © Copyright 2012 Hewlett-Packard Development Company, L.P. The information contained herein is subject to change without notice.



Oerextop Xappuca: maremarmka

VYrou xapakrepusyeTcs O0NbIIMM H3MEHEHHEM E Bo Bcex HampaBlieHHUSX BekTopa [U,V]:
aHaJIn3 COOCTBEHHBIX 3HAUCHUN MaTpHUIlbl M

}*1' Kz — cobcTBenHble 3Havenus M

Measure of corner response.

(k — smmupuueckas koncranra, K = 0.04-0.06)
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Oerextop Xappuca: maremarmka

A

* R 3aBUCHUT TOJIBKO OT 3HAYEHUI1
COOCTBEHHBIX UUCEN Aq, A,

* R npuHUMaeT OoJIbIINE 3HAYEHUS
B YIJIOBBIX TOUKAX

* R mpuHUMaET OTPULIATEIIHHBIE
3HAYEHHUsI, OOIBIINE 110 MOAYIY Ha
KOHTYpE

* |R| MaJio B IUIOCKOM peruoHe

A
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Anroputm Xappuca

Anroputm:

e Haittn touku ¢ 6onbmm 3HaueHmem R (R > threshold)
* Boibpath cpegy HUX TOUKM NIOKASBHOTO MAKCMMYMA R
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MNpumep
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Mpumep

BrruncisieM 3HadeHUE R
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Mpumep
Brigenasiem Touku ¢ R>th reShOId
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Mpumep

OcTaBUM TOYKH JTOKAJIHLHOI'O MakKCuMyMma R
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Harris Detector: Summary

Average infensity change in direction [u,v] can be expressed as a bilinear

form: Y

E(u,v)=[uv] M ’

Describe a point in terms of eigenvalues of M:
measure of corner response

A good (corner) point should have a large intensity change in all directions,
i.e. R should be large positina

R=A4,—k(L+4,)
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Ceoucrea petektopa Xappuca

* MHBOpMAHTHOCTL K MOBOPOTY |I ‘

e B

* VHBapHaHTHOCTb K cpury uHteHcusHocm | — | + b

 He mHBapuaHTeH k MameHeHmto macltabal

e~
-

Bce toukn — Toukmn KoHTypa

N\
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NHBApMAHTHOCTb K MU3MEHEHUIO MacluTaba

Paccmotpum parmenTs (Hanpumep, Kpyri) pasHoro pasmepa Ha PasHbIX
M306PaXKEHMSX
[Ins gByx M306paxeHUI HAMAYTCS COOTBETCTBYOLME MACLUTAGHI, MPU KOTOPbIX

dparmeHTsl GyayT BLIMMSKETL NOXOXE

— =

Fine/Low Coarse/High
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WHBApPMAHTHOCTb K MU3MEHEHUIO MacluTaba

3apaya: Kak BbI6PATh pasmep PPArMeHTa HE3ABUCMMO [f1s KAXKEOTO
M300PaXKEeHMA???
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NHBApMAHTHOCTb K MU3MEHEHUIO MacluTaba

Pelienue:

* Buibepem yHKUMIO, 30AAHHYIO HO GparMeHTe M30OPadKEHMS, MHBAPMAHTHYHO K
M3MEHEHMIO MacWTaba — 3HaueHue GYHKLUMM OFMHAKOBO [f18 COMOCTABMMbIX
GpPaArMeHToB, AOXKE ECNM OHU PA3HOrO MaCLTA6A (HANPUMEP, CPERHsS UHTEHCUBHOCTD)

* B kaxpoit Touke M306pakeHmns NOCMOTPMM HA 3Ty GYHKUMIO, KAK HO GYHKLMIO OT
M3MEHEHMS Pa3MEpPa GpParmeHTa

fa Image 1 f 4

A
Image 2
scale = 1/2
region size region size
@
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NHBApMAHTHOCTb K MU3MEHEHUIO MacluTaba

Peluenue:

HaiiTu 10akJIbHBIA MAaKCUMYM TaKOW (PyHKIIMU

HabntogeHme: touka nokansHOro MaKCUMyMa MHBapHUaHTHA K
M3MEHEHHUIO MaiTabda

BakHO: pasmep dbparmeHnTa, Ha KOTOPOM JIOCTHTACTCS JIOKAIbHBIN

MaKCUMYM, HAXOJAUTCS ISl KaXKJI0T0 N300paKeHUS He3aBHCHMO |

fﬂ fu

Image 1 Image 2
scale = 1/2

i)

» | »

1 region size/scale 52 region size/scale

31 © Copyright 2012 Hewlett-Packard Development Company, L.P. The information contained herein is subject to change without notice.

Slide credit: Computer Vision : CISC 4/689

)



Characteristic Scale

fd, (s

» Touka nokansHoro makcumyma - characteristic scale

* S1/S2 pasHO coOTHOLLEHMIO MACLUTAOOB MEXAY M30BPAKEHUIMU
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NHBApMAHTHOCTb K MU3MEHEHUIO MacluTaba

“Xopowas” GyHKums Ons onpegeneHmns COOTHOLLEHUS MOCLITAOOB:

f ﬁ.\ f /\/\/l\ f Good |
bad bad /\

[
[
» » »

region size region size region size
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Scale Invariant Detection

Functions for determining scale

Kernels:

(Laplacian)

(Difference of Gaussians)

[— Laplacian
| = DoG

where Gaussian R

Note: both kernels are invariant to
scale and rotation
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Laplacian-of-Gaussian (LoG)

Filter scale

-

L(x,o)

Structure size
: l .

Figure 3.5: The Laplacian-of-Gaussian (LoG) detector searches for 3D scale space

extrema of the LoG function. w
/
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Difference-of-Gaussian (DoG)

Sampling with +——————

Scale
{first
actave|

1
_ 94
Original image —%=2— &

Difference of
Gaussian (DOG)

Gaussian

Figure 3.6: The Difference-of-Gaussian (DoG) provides a good approximation for
the Laplacian-of-Gaussian. It can be efficiently computed by subtracting adjacent
scale levels of a Gaussian pyramid. The DoG region detector then searches for 3D

scale space extrema of the DoG function. BL: Figure courtesy of @
/
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Build Scale-Space Pyramid

All scales must be examined to identity scale-invariant features

An efticient function is to compute the Difference of Gaussian (DOG)
pyramid (Burt & Adelson, 1983) (or Laplacian)

Resample/ Q

Blur T
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Key point localization

Harris-Laplacian? scale
Find local maximum of: | =
* Harris corner detector in space (image
coordinates) S~
* Laplacian in scale y =
<« Harris —»
« SIFT (Lowe)? scale

Find local maximum of:

— Difference of Gaussians in space
and scale

<« DoG

\J

X v \ X v \
3 < DoG —» « Laplacian —
Sy
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Scale Invariant Detection: Summary

Given: two images of the same scene with a large scale difference
between them

Goal: find the same interest points independently in each image

Solution: search for maxima of suitable functions in scale and in space

(over the image)

Methods:

1. Harris-Laplacian [Mikolajczyk, Schmid]: maximize Laplacian over
scale, Harris’ measure of corner response over the image

2. SIFT [Lowe]: maximize Difference of Gaussians over scale and space
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JlokanbHbie NPU3HAKW

We know how to detect points Point descriptor should be:
1. Invariant

t tion: istincti
Next question 2. Distinctive

How to maich them?
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SIFT: main steps

1.  Scale-space peak selection
e Using Difference-of-Gaussians (DoG)
2.  Keypoint localization
e  Elimination of unstable keypoints
3.  Orientation assignment
«  Based on keypoint local image patch
4. Keypoint descriptor
«  Based upon the image gradients in keypoint local neighbourhood
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Scale space

Leveln

"~ Leveln-1

T Level n-2

e | |

""'I!' :
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Build an image pyramid with
resampling between each level



Difference-of-Gaussian

The input image is convolved with Gaussian function:

1 25 2
g(:r:)— e " [ 2o

- V2To

Ol1— 02
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Difference-of-Gaussian

=<

Figure 9.1: A Difference-of-Gaussian octave. The five images in the left
stack are incrementally smoothed wersions of the input image. The right
stack shows the resulting DoG.

44  © Copyright 2012 Hewlett-Packard Development Company, L.P. The information contained herein is subject to change without notice. @



SIFT keypoints

45 © Copyright 2012 Hewlett-Packard Development Company, L.P. The in

Maxima and minima of DoG applied in
scale-space:

1) Extrema detection for the same scale

2) Check if it is stable for different scales

formation contained herein is subject to change without notice. w



Scale-space extrema detection

+
oL
T4

+_+

+t

+

9
.H_
+
i
f
i
g 4

+
++-"T'I

Soasat

+ +
TR e R 4 e +
ViR B B

+4 +++‘|H—+ nS P

46 © Copyright 2012 Hewlett-Packard Development Company, L.P. The information contained herein is subject to change without notice.



Keypoints orientation and scale

- Extract image gradients
and orientations at each
pixel

- Each key location is
assigned a canonical
orientation

» The orientation is
determined by the peak in
a histogram of local image
gradient orientations

Mﬁ=w&$j—ﬂwmﬁ+%&j—AMHF

Rij = atan2 (Aj; — Aigrj, Aijpr — Asj) )
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SIFT descriptor

T
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Figure 3.8: Visualization of the SIFT descriptor computation. For each (orientation-
normalized) scale invariant region, image gradients are sampled in a regular grid and
are then entered into a larger 4 x 4 grid of local gradient orientation histograms (for
visibility reasons, only a 2 x 2 grid is shown here).

48 © Copyright 2012 Hewlett-Packard Development Company, L.P. The information contained herein is subject to change without notice.



(a) A subset of the extracted in- (b} An intersst point region
terest points, and the sssociated covaring Lana’s eye bafore and
regions uwsed to create descrip- after rotation in respect to
Lors. the refarance orlentation of the

point of interast,

W
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17 11 A

Inkere st point re gilon

(¢} Computation of & descriptor by determining a 4=4 gradient orien-
tation histogram array from & 16 =16 pixels region around the Intersst

poing koeation,
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Intepest point descripbar

Example



3aKnro4yeHume

= [no6anbHble NPU3HAKK He Bcerga pabotatoT
= Bblumcnenre nokanbHbIX NPU3HAKOB

= Onpepgenerue ocobbix Touek

= BuigeneHne ocobbix GparmMeHToB — MHBAPUAHTHOCTL K MACLUTABY!

* [locTpoeHue BeKTOPOB NMPU3HAKOB

ConocrasneHme NoKAsbHbIX [EeCKPUNTOPOB NApPbl M30OPAXKEHUM
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