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Review

ÅDescriptors

ÅMatching

ÅComputing Transformation
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{ƛƳǇƭŜ bƻǊƳŀƭƛȊŜŘ 5ŜǎŎǊƛǇǘƻǊ

о

interest point              neighborhood around          normalized neighborhood
interest  point                       around interest point

201
45 56   200
46 201 200
85  101  105

156 145    1
155 0      1
116   100   96

Å The simple descriptor just subtracts the center value from each of 
the neighbors, including itself to normalize for lighting and exposure.

ÅWe can store this as a 1D vector to be efficient:  
156 145 1 155 0 1 116 100 96



Properties of our Descriptor

Å¢Ǌŀƴǎƭŀǘƛƻƴ LƴǾŀǊƛŀƴǘ
Åbƻǘ ǎŎŀƭŜ ƛƴǾŀǊƛŀƴǘ
Åbƻǘ Ǌƻǘŀǘƛƻƴ ƛƴǾŀǊƛŀƴǘ
Å{ƻƳŜǿƘŀǘ ƛƴǾŀǊƛŀƴǘ ǘƻ ƭƛƎƘǘƛƴƎ ŎƘŀƴƎŜǎ

Å[ŜǘΩǎ ƭƻƻƪ ŀǘ ǘƘŜ {LC¢ ŘŜǎŎǊƛǇǘƻǊΣ ōŜŎŀǳǎŜ ƛǘ ƛǎ 
ƘŜŀǾƛƭȅ ǳǎŜŘΣ ŜǾŜƴ ǿƛǘƘƻǳǘ ǳǎƛƴƎ ǘƘŜ {LC¢ ƪŜȅ 
Ǉƻƛƴǘ ŘŜǘŜŎǘƻǊΦ
ÅLǘ ŀƭǊŜŀŘȅ ǎƻƭǾŜǎ ǘƘŜ ǎŎŀƭŜ ǇǊƻōƭŜƳ ōȅ ŎƻƳǇǳǘƛƴƎ 
ŀǘ ƳǳƭǘƛǇƭŜ ǎŎŀƭŜǎ ŀƴŘ ƪŜŜǇƛƴƎ ǘǊŀŎƪΦ
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CSE 576: Computer Vision

Rotation invariance

Image from Matthew Brown

Å Rotate patch according to its dominant gradient 
orientation

Å This puts the patches into a canonical orientation.



T. Tuytelaars, B. Leibe

Orientation Normalization

ÅCompute orientation histogram

ÅSelect dominant orientation

ÅNormalize: rotate to fixed orientation 

л 2p

[Lowe, SIFT, 1999]



Once we have found the key points and a dominant orientation for each,

we need to describethe (rotated and scaled) neighborhood about each.

128-dimensional vector



{LC¢ ŘŜǎŎǊƛǇǘƻǊ
Full version

ÅDivide the 16x16 window into a 4x4 grid of cells (2x2 case shown below)

ÅCompute an orientation histogram for each cell

Å16 cells * 8 orientations = 128 dimensional descriptor

Adapted from slide by David Lowe 8



SIFT descriptor
Full version

ÅDivide the 16x16 window into a 4x4 grid of cells

ÅCompute an orientation histogram for each cell

Å 16 cells * 8 orientations = 128 dimensional descriptor

8        8         . . .                      8 
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aŀǘŎƘƛƴƎ ǿƛǘƘ CŜŀǘǳǊŜǎ

Å5ŜǘŜŎǘ ŦŜŀǘǳǊŜ Ǉƻƛƴǘǎ ƛƴ ōƻǘƘ ƛƳŀƎŜǎ
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Matching with Features

ÅDetect feature points in both images

ÅFind corresponding pairs
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Find the best matches

ÅFor each descriptor a in A, find its best match b in 
B

ÅAnd store it in a vector of matches
ÅNote: this is abstract; see code for details.

мн

ƛ

j

i j

A                               B                                         M



ÅLarger Goal: Combine two or more 
overlapping images to make one larger image

Add example

Slide credit: Vaibhav Vaish
мо

http://robots.stanford.edu/cs223b07/notes/CS223B-L11-Panoramas.ppt


aŜŀƴ ŘƛǎǇƭŀŎŜƳŜƴǘ Ґ 

Simple case: translations

Displacement of match i =
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Solving for homographies
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²Ƙȅ ƛǎ ǘƘƛǎ ƴƻǿ ŀ ǾŀǊƛŀōƭŜ ŀƴŘ ƴƻǘ Ƨǳǎǘ мΚ

Å! ƘƻƳƻƎǊŀǇƘȅƛǎ ŀ ǇǊƻƧŜŎǘƛǾŜ ƻōƧŜŎǘΣ ƛƴ ǘƘŀǘ ƛǘ Ƙŀǎ ƴƻ ǎŎŀƭŜΦ
Lǘ ƛǎ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ǘƘŜ ŀōƻǾŜ ƳŀǘǊƛȄΣ ǳǇ ǘƻ ǎŎŀƭŜΦ

ÅhƴŜ ǿŀȅ ƻŦ ŦƛȄƛƴƎ ǘƘŜ ǎŎŀƭŜ ƛǎ ǘƻ ǎŜǘ ƻƴŜ ƻŦ ǘƘŜ ŎƻƻǊŘƛƴŀǘŜǎ ǘƻ мΣ
ǘƘƻǳƎƘ ǘƘŀǘ ŎƘƻƛŎŜ ƛǎ ŀǊōƛǘǊŀǊȅΦ

Å.ǳǘ ǘƘŀǘΩǎ ǿƘŀǘ Ƴƻǎǘ ǇŜƻǇƭŜ Řƻ ŀƴŘ ȅƻǳǊ ŀǎǎƛƎƴƳŜƴǘ ŎƻŘŜ ŘƻŜǎΦ



Solving for homographies
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Why the division?



Solving for homographies
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This is just for one pair of points.



Direct Linear Transforms (n points)

5ŜŦƛƴŜǎ ŀ ƭŜŀǎǘ ǎǉǳŀǊŜǎ ǇǊƻōƭŜƳΥ

ωSince        is only defined up to scale, solve for unit vector

ωSolution:        = eigenvector of with smallest eigenvalue

ωWorks with 4 or more points

2n × 9 9 2n

18



Direct Linear Transforms

Å²Ƙȅ ŎƻǳƭŘ ǿŜ ƴƻǘ ǎƻƭǾŜ ŦƻǊ ǘƘŜ ƘƻƳƻƎǊŀǇƘȅ
ƛƴ ŜȄŀŎǘƭȅ ǘƘŜ ǎŀƳŜ ǿŀȅ ǿŜ ŘƛŘ ŦƻǊ ǘƘŜ ŀŦŦƛƴŜ 
ǘǊŀƴǎŦƻǊƳΣ ƛŜΦ 

мф



Answer from Sameer Agarwal
(Dr. Rome in a Day)

ÅCƻǊ ŀƴ ŀŦŦƛƴŜ ǘǊŀƴǎŦƻǊƳΣ ǿŜ ƘŀǾŜ Ŝǉǳŀǘƛƻƴǎ ƻŦ ǘƘŜ ŦƻǊƳ !ȄƛҌ ō 
Ґ ȅƛΣ ǎƻƭǾŀōƭŜ ōȅ ƭƛƴŜŀǊ ǊŜƎǊŜǎǎƛƻƴΦ  

ÅCƻǊ ǘƘŜ ƘƻƳƻƎǊŀǇƘȅΣ ǘƘŜ Ŝǉǳŀǘƛƻƴ ƛǎ ƻŦ ǘƘŜ ŦƻǊƳ

IȄɃƛ  ƛ֖ όƘƻƳƻƎŜƴŜƻǳǎ ŎƻƻǊŘƛƴŀǘŜǎύ

ŀƴŘ ǘƘŜ   ƳŜŀƴǎ ƛǘ ƘƻƭŘǎ ƻƴƭȅ ǳǇ ǘƻ ǎŎŀƭŜΦ ¢ƘŜ ŀŦŦƛƴŜ ǎƻƭǳǘƛƻƴ 
ŘƻŜǎ ƴƻǘ ƘƻƭŘΦ
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Matching features

²Ƙŀǘ Řƻ ǿŜ Řƻ ŀōƻǳǘ ǘƘŜ άōŀŘέ ƳŀǘŎƘŜǎΚ



w!b{!/ ŦƻǊ ŜǎǘƛƳŀǘƛƴƎ ƘƻƳƻƎǊŀǇƘȅ

Åw!b{!/ ƭƻƻǇΥ

мΦ{ŜƭŜŎǘ ŦƻǳǊ ŦŜŀǘǳǊŜ ǇŀƛǊǎ όŀǘ ǊŀƴŘƻƳύ

нΦ/ƻƳǇǳǘŜ ƘƻƳƻƎǊŀǇƘȅ HόŜȄŀŎǘύ

оΦ/ƻƳǇǳǘŜ ƛƴƭƛŜǊǎ ǿƘŜǊŜ ||piË, Hpi|| < Ů

ÅYŜŜǇ ƭŀǊƎŜǎǘ ǎŜǘ ƻŦ ƛƴƭƛŜǊǎ

ÅwŜπŎƻƳǇǳǘŜ ƭŜŀǎǘπǎǉǳŀǊŜǎ HŜǎǘƛƳŀǘŜ ǳǎƛƴƎ ŀƭƭ 
ƻŦ ǘƘŜ ƛƴƭƛŜǊǎ

22



tŀƴƻǊŀƳŀ ŀƭƎƻǊƛǘƘƳΥ
Find corners in both images

Calculate descriptors

Match descriptors

RANSAC to find homography

Stitch together images with homography



Stitching panoramas:
- We know homography is right choice under certain assumption:

- Assume we are taking multiple images of planar object

ƘƻƳƻƎǊŀǇƘȅI

3D



Lƴ ǇǊŀŎǘƛŎŜΥ



In practice:



Lƴ ǇǊŀŎǘƛŎŜΥ



In practice:



In practice:



In practice:



²ƘŀǘΩǎ ƘŀǇǇŜƴƛƴƎΚ



²ƘŀǘΩǎ ƘŀǇǇŜƴƛƴƎΚ



²ƘŀǘΩǎ ƘŀǇǇŜƴƛƴƎΚ



²ƘŀǘΩǎ ƘŀǇǇŜƴƛƴƎΚ



²ƘŀǘΩǎ ƘŀǇǇŜƴƛƴƎΚ



²ƘŀǘΩǎ ƘŀǇǇŜƴƛƴƎΚ



²ƘŀǘΩǎ ƘŀǇǇŜƴƛƴƎΚ



²ƘŀǘΩǎ ƘŀǇǇŜƴƛƴƎΚ



²ƘŀǘΩǎ ƘŀǇǇŜƴƛƴƎΚ



±ŜǊȅ ōŀŘ ŦƻǊ ōƛƎ ǇŀƴƻǊŀƳŀǎΗ



±ŜǊȅ ōŀŘ ŦƻǊ ōƛƎ ǇŀƴƻǊŀƳŀǎΗ



Very bad for big panoramas!



Cŀƛƭǎ Υπό



How do we fix it? Cylinders!



How do we fix it? Cylinders!



How do we fix it? Cylinders!



How do we fix it? Cylinders!



Iƻǿ Řƻ ǿŜ ŦƛȄ ƛǘΚ /ȅƭƛƴŘŜǊǎΗ



Iƻǿ Řƻ ǿŜ ŦƛȄ ƛǘΚ /ȅƭƛƴŘŜǊǎΗ



How do we fix it? Cylinders!

όȄŎΣȅŎύ Ґ ŎŜƴǘŜǊ ƻŦ ǇǊƻƧŜŎǘƛƻƴ ŀƴŘ Ŧ Ґ ŦƻŎŀƭ ƭŜƴƎǘƘ ƻŦ ŎŀƳŜǊŀ



Dependant on focal length!



f = 300 f = 500



Ŧ Ґ мллл



Ŧ Ґ мплл



f = 10,000



Ŧ Ґ млΣллл



Does it work?



Does it work?



Does it work?



Does it work?



5ƻŜǎ ƛǘ ǿƻǊƪΚ



5ƻŜǎ ƛǘ ǿƻǊƪΚ ¸ŀȅΗ



Where are we?

ÅWe are going to build a panorama from two (or 
more) images.
ÅWe need to learn about
ïFinding interest points
ïDescribing small patches about such points
ïFinding matches between pairs of such points on two 

images, using the descriptors
ïSelecting the best set of matches and saving them
ïConstructing homographies(transformations) from 

one image to the other and picking the best one
ïStitching the images together to make the panorama

со



w!b{!/ ŦƻǊ IƻƳƻƎǊŀǇƘȅ

Initial Matched Points



w!b{!/ ŦƻǊ IƻƳƻƎǊŀǇƘȅ

Final Matched Points



RANSAC for Homography



Image Blending

²ƘŀǘΩǎ ǿǊƻƴƎΚ



CŜŀǘƘŜǊƛƴƎ

л
1

л
1

+

=

ramp



9ŦŦŜŎǘ ƻŦ ǿƛƴŘƻǿ όǊŀƳǇπǿƛŘǘƘύ ǎƛȊŜ

л

1 ƭŜŦǘ

right

0

1



Effect of window size

л

м

0

м



Good window size

0

1

Optimal window:  smooth but not ghosted

Å Doesn t always work...

²Ƙŀǘ Ŏŀƴ ǿŜ Řƻ
ƛƴǎǘŜŀŘΚ



tȅǊŀƳƛŘ ōƭŜƴŘƛƴƎ

Create a Laplacian pyramid, blend each level
Å Burt, P. J. and Adelson, E. H., A Multiresolution Spline with Application to Image Mosaics, ACM Transactions on 

Graphics, 42(4), October 1983, 217-236.  http://persci.mit.edu/pub_pdfs/spline83.pdf

ŀǇǇƭŜ
orange



Encoding blend weights:   I(x,y) = (ŬR, ŬG, ŬB, Ŭ) 

color at p =

Implement this in two steps:

1.  accumulate:  add up the (Ŭpremultiplied) RGB values at each pixel

2.  normalize:  divide each pixel s accumulated RGB by its Ŭvalue

Alpha Blending

Optional:  see Blinn (CGA, 1994) for details:

http://ieeexplore.ieee.org/iel1/38/7531/00310740.pdf?isNumber

=7531&prod=JNL&arnumber=310740&arSt=83&ared=87&arAut

hor=Blinn%2C+J.F. 

I1

I2

I3

p

http://ieeexplore.ieee.org/iel1/38/7531/00310740.pdf?isNumber=7531&prod=JNL&arnumber=310740&arSt=83&ared=87&arAuthor=Blinn,+J.F


Gain Compensation: Getting rid of artifacts

ÅSimple gain adjustment
ïCompute average RGB intensity of each image in 

overlapping region

ïNormalize intensities by ratio of averages



Blending Comparison



Recognizing Panoramas

Brown and Lowe 2003, 2007Some of following material from Brown and Lowe 2003 talk


